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Abstract  
Enzymes employ a variety of approaches to stabilize transition states and facilitate 
chemical reactions, but none of them are more important than hydrogen bond networks 
(HBNs) and electrostatic interactions. Herein, hydrogen bonds are studied and exploited. 
Their strengths are measured in compounds with rigid structures to better understand 
enzymatic reactions and design stronger organocatalysts. Anion recognition abilities of a 
series of rigid OH based receptors are also studied to probe the role of hydrogen bonds in 
anion channels. At the same time, novel strong Brønsted acids are developed and their 
catalytic reactivities in different organic reactions are explored. Hydrogen bonding 
interactions and charged substituents provide a remarkable means for developing novel 
Brønsted acid catalysts and new anion receptors. 
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Chapter 1: Background and Introduction* 
1.1. Hydrogen Bonds 
Hydrogen bonds (HBs) are defined as an attractive interaction between an electron 
deficient hydrogen in A-H and an electron rich atom B in A-H····B where A and B are 
usually highly electronegative N, O, and/or F atoms.1,2 These interactions are prevalent in 
nature and play a vital role in biological processes.3 For instance, DNA double helix strands 
are held together by hydrogen bond networks (HBNs).2 They are also responsible for the 
high catalytic efficiency of enzymes, molecular recognition, and ion transport. One 
example is serine proteases (Scheme 1, left)  
    
Scheme 1. HB interactions (dotted lines) in the active site of serine proteases (left) and the 
ClC chloride ion channel (right).  
which use two amine HBs to activate a carbonyl group and facilitate the cleavage of a 
peptide bond.4 Another instance is a Cl‾ ion channel (Scheme 1, right), which employs 
                                                 
* This chapter has been taken from my 2010 written preliminary examination at the University of Minnesota 
and this dossier was used as the template for the subsequent sections. 
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multiple amine and hydroxyl groups to facilitate chloride transport across non-polar 
cellular membrane phospholipid bilayers.5 
There are three categories of HBs between atoms (i.e. A-H····B):2,6 (1) normal HBs 
where the hydrogen atom is attached more tightly to one of the heteroatoms, (2) low-barrier 
hydrogen bonds (LBHBs) in which the hydrogen can move freely between A and B, and 
(3) single well hydrogen bonds (SWHBs) where the hydrogen is centered between the 
donor A and acceptor B. The last two are typically stronger (LBHBs = 12-24 kcal/mol and 
SWHBs > 24 kcal/mol) than a normal HB which is considered to be worth 2.4-12 
kcal/mol.7  
1.2. Factors Affecting the Strength of a HB 
1.2.1. Distances between Hydrogen Donors and Acceptors, and Hydrogen Bond 
Angles 
The energy diagrams for the 3 different types of HBs between atoms A and B are 
depicted in Fig. 1.7 Formation of strong HBs are possible when the distance (RA--B) between 
the two heteroatoms is less than the sum of their van der Waals radii. In the case of [O-H-
O] and [O-H-N] HBs, RA--B needs to be smaller than 2.55 Å and 2.65 Å, respectively.
6,7 
When this condition is met and the heteroatoms are close together (b, Fig. 1), the barrier 
for hydrogen transfer is at or below the zero-point energy level (i.e., the dotted lines in Fig. 
1).7  
3 
 
 
Figure 1. Potential energy diagrams for different types of HBs where RA—B is the distance 
between the two heteroatoms A and B; Normal HB (a), LBHB (b) and SWHB (c).   
In hydroxyl containing compounds, the difference between free OH and hydrogen 
bonded OH stretching frequencies (∆υ) in their IR spectra are related to the HB strengths 
(i.e., ΔH).8 In other words, a stronger HB results in a bigger ∆υ. However, IR studies on 
acyclic monomethyl diols indicate that this correlation does not apply for intramolecular 
HBs (Table 1).9 The thermodynamic data show that enthalpy (ΔH) and entropy (ΔS) are 
changing in going from 2-methoxyethanol to 4-methoxybutanol, but ΔS has a greater 
influence than ΔH on the equilibrium constants (i.e., Keq).  
Table 1. Liquid-phase IR spectra and thermodynamic data for monomethyl ethers of 
diols (CCl4, T = 20 ℃). 
 
 
Cmpd υo (cm-1)a υb (cm-1)b ∆υ 
∆H 
(kcal/mol) 
∆S 
(cal/mol.K) 
∆G 
(kcal/mol) 
Keq 
2-methoxyethanol 3645 3615 30 -2.2 -2.9 -1.4 11.1 
3-methoxypropanol 3644 3558 86 -2.1 -6.4 -0.22 1.5 
4-methoxybutanol 3645 3465 180 -2.7 -10.0 0.24 0.66 
a“Free” OH 
bHydrogen bonded OH: Intramolecular OH···O HB  
4 
 
As a result, 1,2 and 1,3 relationships between the hydroxyl groups in acyclic diols lead to 
stronger (based upon ∆G) intramolecular HBs. 
Directionality is one of the key properties of HBs. In A-H···B interactions, bond angles 
spanning from 120o–140o have substantially reduced strengths and smaller angles generally 
lead to insigniﬁcant interactions.10 For example, computations on methanol – pyridine 
complexes revealed that the HB strength diminishes by 85% as the bond angle decreases 
from 180o to 120o (i.e., from 6.7 to 1.0 kcal/mol). 
1.2.2. Substituent Effects 
The strength of a HB depends not only on its geometry, but also the pKa values for HA 
and HB.2,6,11 For instance, the free energy of formation of a HB between para-substituted 
phenols (4-X-C6H4OH) and different bases in CCl4 (ΔGoHB) correlates with the difference 
in the gas-phase acidities (ΔGA) and basicities (ΔGB) of the HB donors and acceptors 
(Table 2).12 As a result, N,N-dimethylacetamide forms stronger HBs than acetone because 
it is more basic, and electron-withdrawing groups on the phenol increase its acidity leading 
to the formation of stronger HBs.  
Table 2. Formation energies of HBs between phenol derivatives and two carbonyl 
containing compounds.      
4-X-C6H4OH (HA) Base (B) – ΔGoHB (kcal/mol) ΔGA-ΔGB 
X = H CH3COCH3 1.40 154.6 
H (CH3)2NCOCH3 2.98 134.1 
CH3O (CH3)2NCOCH3 2.70 135.3 
Cl (CH3)2NCOCH3 3.48 128.2 
NO2 (CH3)2NCOCH3 4.70 113.2 
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1.2.3. Solvent Effects  
HBs are stronger in aprotic solvents than in protic ones.2 For instance, ΔG for HB 
formation between 4-nitrophenol and 4-nitrophenolate is 7-8 kcal/mol more favorable in 
acetonitrile and tetrahydrofuran than in water, and an intramolecular HB in o-
hydroxybenzoic acid is 4.1 pKa units stronger in DMSO than in water (i.e., ΔΔpKa = 5.6 
kcal/mol, Scheme 2).13 These energetic diﬀerences are predominantly determined by 
solvent abilities to solvate separated HB donor and acceptor groups.14   
 
 
Scheme 2. Aqueous and DMSO ionization equilibrium constants for o- and p-
hydroxybenzoic acids. 
A solvent’s dielectric constant (ε) also affects HB strengths.15 In fact, the strength of a 
HB increases as the solvent’s ε decreases. For example, intramolecular HBs in the 
monoanions of α- and β-hydroxycarboxylic acids and dicarboxylic acids are stronger in 
ACN than DMSO (Scheme 3).  
6 
 
 
Scheme 3. The equilibrium between an intra- and intermolecular HB in an aprotic 
solvent.  
This is due not only to the smaller dielectric constant of ACN (ε = 35.87 at 25 ℃)16 
compared to DMSO (ε = 47.13 at 25 ℃),17 but also to DMSO’s stronger ability to form an 
intermolecular HB with the OH group in the monoanions of the corresponding alcohols 
and carboxylic acids.18 In other words, the equilibrium between an intra- and 
intermolecular HB is greater in DMSO than in ACN because the former solvent is a better 
HB acceptor. These results indicate that in order to maximize HB strength, poorly solvating 
nonpolar aprotic solvents should be employed. 
1.3. Exploiting Hydrogen Bond Interactions 
1.3.1. Effects on Acidities 
Intramolecular HBs affect acidities of carboxylic acids and alcohols.19 For instance, the 
contribution of multiple HBs on the acidities of benzoic acid derivatives in DMSO were 
measured by Herschlag and Shan (Table 3).19d The results indicate that the pKa values 
decrease with the number of HBs. Moreover, the ∆pKa values show large and nearly 
additive effects for each HB.  
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Table 3. Measured pKa’s for benzoic acids in DMSO at 25 ℃. 
 
R1 R2 R3 pKa ∆pKa (pKa (PhCO2H) – pKa (ArCO2H)) 
H H H 11.08 ± 0.06 0.00 
H OH H 6.60 ± 0.05 4.48 
OH OH H 3.08 ± 0.10 8.00 
 
 
Crowder and his co-workers found the gas-phase acidities of diols are greater than those 
of the corresponding alcohols (Table 4).19c More specifically, propane-1,3-diol and butane-
1,4-diol are more acidic than 1-propanol and 1-butanol due to the intramolecular HBs that 
form in their conjugate bases.           
Table 4. Gas-phase acidities of diols, their corresponding mono alcohols and HBr at 
25 ℃.a   
Cmpd ∆Hacid (kcal/mol) ∆Sacid (cal/mol.K) ∆Gacid (kcal/mol) 
CH3CH2OH 378.3 22.1 371.7 
HO(CH2)2OH 365.1 14.1 360.9 
CH3(CH2)2OH 375.7 22.1 369.1 
HO(CH2)3OH 358.0 7.4 355.8 
CH3(CH2)3OH 375.3 22.1 368.7 
HO(CH2)4OH 356.1 5.0 354.6 
CH3(CH2)4OH 374.1 22.1 367.5 
HO(CH2)5OH 356.1 2.0 355.5 
(CH3)2CHOH 375.1 22.1 368.5 
(HO(CH2)2)2CHOH (1) 344.3 6.4 342.4 
(CH3)3COH 374.7 22.1 368.1 
(HO(CH2)2)3COH (2) 333.0 -4.7 334.4 
(HO(CH2)2CH(OH)(CH2)2)3COH (4) 319.8 21.1 313.5 
HBr 323.5 17.4 318.3 
aAll acidities come from ref. 19c, 19e, 19f, and 20. 
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More recently, Kass et al. reported that successive incorporation of hydroxyl groups into 
an alcohol produces acidic polyols, and that heptaol 4 is stronger than hydrobromic acid 
by 4.8 kcal/mol, because its alkoxide anion (4a) is stabilized by 3 direct (primary) and 3 
indirect (secondary) HBs  (Figure 2).19e,19f Comparison of deprotonation enthalpies of 
(CH3)3COH, 2, and 4 indicates that the 3 primary interactions provide 41.7 kcal/mol (13.9 
kcal/mol per bond) of stabilization while the secondary ones are worth 13.2 kcal/mol or 
4.4 kcal/mol per bond. 
 
Figure 2. Propane-1,3-diol, polyols 1 – 4, and their stabilized corresponding conjugate 
bases 1a – 4a through the formation of intramolecular HBs (dotted line). 
Alkoxide stabilization energies by HBNs in the conjugate bases of alcohols 1 – 4 were 
also studied in the gas phase by negative ion photoelectron spectroscopy.19g,21 This 
technique measures the electron binding energy (adiabatic detachment energy, ADE) of 
anions. The ADE provides a measure of the stability of an anion, and the larger the value 
the more stable the ion is with respect to its corresponding radical. For instance, the 
predicted ADE of deprotonated propane-1,3-diol is 0.84 ev (19.4 kcal/mol) larger than the 
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experimental value for 1-propoxide due to the presence of an intramolecular HB in the 
former case (Table 5).  
Table 5. Experimental and computed ADEs of a series of deprotonated alcohols. 
Cmpd  Exptl (ev) M06-2X/maug-cc-pVT(+d)Z (ev) 
CH3CH2CH2O‾ 1.79 1.63 
HOCH2CH2CH2O‾  2.47 
1a 3.30 3.18 
2a 3.85 3.66 
3a 4.05 3.82 
4a 4.60 4.45 
 
 
Compound 3a has 2 additional secondary HBs relative to 1a which provide 17.3 kcal/mol 
of stabilization energy. Its ADE is also larger than that for 2a by 4.6 kcal/mol despite the 
fact that the latter ion has 3 primary HBs. This indicates that the combination of 2 weak 
secondary HBs can provide more stabilization energy than a strong primary one. 
Liquid-phase DMSO acidities of propane-1,3-diol and 1-propanol (Table 6) indicate 
that the former compound is more acidic than the latter one by 4.6 pKa units.
19f  
Table 6. Experimental DMSO acidities of polyols in DMSO.  
Cmpd pKa ΔpKa (PrOH – ROH) 
CH3CH2CH2OH 30.0 0.0 
HO(CH2)3OH 25.4 4.6 
(HO(CH2)2)2CHOH (1) 19.7 10.3 
(HO(CH2)2)3COH (2) 16.1 13.9 
(HO(CH2)2CH(OH)(CH2)2)3COH (4) 11.4 18.6 
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Successive addition of hydroxyl groups leads to heptaol 4 which is ~19 and ~1 pKa units 
more acidic than 1-propanol and acetic acid (pKa = 12.3), respectively. This is because of 
the stabilization of the oxyanion in the conjugate base of polyol 4 by 3 primary and 3 
secondary HBs.    
1.3.2. Hydrogen Bond Catalysis 
Lewis and Brønsted acids are ubiquitous in the synthesis of organic compounds and 
materials.22 However, environmental considerations and their sensitivity to water have 
limited their applications.23 Moreover, some Lewis acid-promoted reactions need a large 
amount of the catalyst because of the presence of basic sites in the products.24 Thus, product 
inhibition is another problem associated with Lewis acids.25 To address these issues 
chemists have developed a variety of HB catalysts by mimicking enzyme catalysis in 
nature. For example, a great deal of research has focused on alcohols, phenols, and 
thioureas capable of utilizing multiple HBs to accelerate a variety of chemical 
transformations.3,26       
1.3.2.1. OH Based Catalysts 
Compounds containing two hydroxyl groups such as 1,8-biphenylenediols (5),27 
TADDOLs (6),28 and binols (7)29 (Fig. 3)  
 
Figure 3. 1,8-Biphenylenediols (5), TADDOLs (6), and binols (7).  
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have been employed as catalysts in numerous organic reactions. 
Biphenols 5 developed by Hine and Kelly are one of the first examples of 2 HB donor 
catalysts. They were shown to accelerate epoxide ring openings and Diels-Alder 
reactions.27 The catalytic properties of TADDOLs (6) have been reported, and their ability 
to catalyze reactions has been attributed to their increased acidities due to the formation of 
an intramolecular HB. 28,30 Binols (7) also have been employed as 2 HBs donor catalysts. 
For example, Yamad and Ikegami found that a Morta-Baylis–Hillman (MBH) reaction 
between 2-cyclopenten-1-one and 3-phenyl-1-propanal proceeds much faster in the 
presence of binol.29          
Kass and his group have recently used HBNs along with electron-withdrawing 
trifluoromethyl (CF3) groups to develop strongly acidic aliphatic alcohols (i.e., 8 – 10).26c 
These compounds are capable of catalyzing organic transformations such as the Friedel-
Crafts reaction between β-nitrostyrene and N-methylindole (Scheme 4).  
 
Scheme 4. A Friedel-Crafts reaction between β-nitrostyrene and N-methylindole 
catalyzed by fluorinated alcohols 8 – 10. Product conversions were determined after 24 
hrs and are a reflection of the reaction rates.   
It was found that their catalytic activity follows their DMSO acidities and that the strongest 
acid (i.e., 10) is the most active catalyst.  
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1.3.2.2. NH Based Catalysts 
Thioureas (RNHCSNHR’) are one of the most commonly used organocatalysts that 
employ 2 HBs to facilitate chemical reactions.24e Their utility as accelerating agents was 
first demonstrated in a Strecker reaction (Scheme 5),31 but subsequently thioureas were 
found to have broad applicability and have been used to catalyze many types of 
transformations.32 Two distinctly different modes of action have been suggested for these 
species. One involves electrophilic activation via the formation of a doubly hydrogen 
bonded complex while the other proceeds by anion abstraction and ion pair formation (Fig. 
4).32a,33  
 
Scheme 5. Thiourea-catalyzed Strecker reaction.  
  
 
Figure 4. Two distinct mechanisms for thiourea catalysis; double HB activation (left) 
versus counter-ion catalysis (right). 
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Incorporation of electron-withdrawing groups like CF3 into the meta or para positions 
of thioureas containing phenyl groups (12 – 14; Scheme 6) increases their acidities, and as 
a result enhances their catalytic activities.34  
 
Scheme 6. Thiourea-catalyzed Diels-Alder reaction of methyl vinyl ketone with 
cyclopentadiene and relative rate data.  
More elaborate thioureas in which additional HBs are used to organize the complex 
between it and the substrate have been reported recently to increase the stereoselectivity. 
For example, 15 has several internal HBs involving the urea moiety that improve its 
catalytic abilities. If this group is omitted, the yield of the Mukaiyama-Mannich reaction 
(Scheme 7) is reduced (72% vs 97%) as is the stereoselectivity (95% vs 99%).35 
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Scheme 7. Asymmetric Mukaiyama-Mannich reaction and an X-ray structure of catalyst 
15.    
Protonated thioureas such as 17 (Scheme 8) has been recently reported by Seidel.36  
 
Scheme 8. Friedel-Crafts addition of indole to β-nitrostyrene using protonated and 
neutral thioureas 17 and 18.  
Because of the positively charged pyridinium substituent, 17 is significantly more active 
than its analogue with 2 electron-withdrawing CF3 groups. 
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Squaramides (19) are another family of dual HB catalysts that have been successfully 
employed in several organic transformations (Scheme 9).37     
 
Scheme 9. The conjugate addition of pentane-2,4-one to β-nitrostyrene catalyzed with 
squaramide 20. 
Their cavity size is 0.6 Å larger than for thioureas and they have rigid structures that give 
them entropic advantages. Squaramide 20 is an example of bifunctional catalyst that can 
accelerate the conjugate addition of pentane-2,4-one to β-nitrostyrene with high yields and 
stereoselectivities.37a 
1.3.3. Molecular Anion Recognition 
HBNs are exploited in nature to enable anion recognition and transport across non-polar 
cellular membrane phospholipid bilayers. Misregulation of anion channels in humans can 
lead to life-threatening diseases. For instance, faulty chloride channels play a key role in 
the pathology of cystic fibrosis.38 The discovery and study of these processes over the last 
few decades has led to the development of artificial HB receptors for pharmaceutical and 
environmental applications.39 Neutral proteins possessing multiple HB donors regulate 
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anion transport in nature, and as a result much effort has been devoted to the design and 
synthesis of uncharged anion receptors having multiple hydrogen-bonding sites.40 Many 
studies focus on anion receptors bearing the NH groups of amides, ureas, thioureas, and 
pyrroles.41 Anion receptors containing OH substituents acting as HB donors are little 
studied, even though they are inherently more acidic than NH groups. Furthermore, 
interactions involving hydroxyl substituents play a critical role in a broad range of 
recognition processes.42 For instance, in the active site of ribokinase from E. coli, the 
carboxylate of two Asp and one Glu groups serve as HB acceptors in order to recognize D-
ribose (i.e., the substrate, Fig. 5).43   
 
Figure 5. Schematic drawing of the active site of ribokinase with D-ribose from E. coli 
generated from PDB data. 
Cholic acid derivatives developed by Davis and his co-workers are one of the earliest 
examples of hydroxyl-based anion receptors (Figure 6).44 These compounds make use of 
three hydroxyl groups to bind anions, and their relatively rigid structure prevents them from 
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forming intramolecular HBs. They bind tridentate oxoanions such as p-toluenesulfonate in 
benzene, but do not associate with chloride.  
 
Figure 6. Structure of cholic acid and catechol derivatives. 
Inspired by the critical role of phenolic receptors in the ClC chloride channel, Smith and 
co-workers studied the anion binding abilities of resorcinol and catechol derivatives by 1H 
NMR spectroscopy.45 They found catechol can bind chloride ~21 times more strongly than 
phenol in a polar environment such as ACN (Ka (Cl‾) = 1015 and 48 M-1, respectively). 
Incorporation of an electron withdrawing nitro group increases the acidity of the resulting 
nitrocatechol and its chloride ion affinity to Ka (Cl‾) = 3800 M-1. Hydroxyl-based receptors 
capable of forming 3 HBs to Cl‾ were recently developed by the Kass research group 
(Figure 7). Polyphenol 21 has two rotamors that can associate with anions. Syn-isomer 
(21s) binds chloride ion ~ 500 times more strongly than its anti derivative (21a) (Ka = 1.27 
× 105 vs 240 M-1 in ACN), because the former employs an additional primary HB to interact 
with Cl‾. 
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Figure 7. Syn- and anti-isomers of triphenol 21. 
1.4. Focus of This Work 
In this dissertation, a combination of experimental and theoretical approaches are 
employed to characterize HB energetics, novel molecular anion receptors, and hydrogen 
bond / Brønsted acid catalysts. Following this introduction, chapter 2 explains the synthesis 
of rigid tricyclic locked in all axial cyclohexane-1,3,5-triol derivatives with 0-3 
triﬂuoromethyl groups. It also provides HB energetics in a preorganized HBN and explores 
the stabilization of the conjugate bases via negative ion photoelectron spectroscopy.  
Chapter 3 concerns anion recognition with neutral hydroxyl-based rigid triols and the 
energetic effects of a remote hydroxyl group on anion affinities. Infrared (IR) spectroscopy 
is used in this work to characterize the solution structures of bound anion receptors for the 
first time. Chapter 4 explores the impact of stereoelectronic effects on anion recognition in 
a series of neutral anion receptors. IR spectroscopy is also used to probe the structures of 
the bound complexes. Chapter 5 describes a simple analytical methodology for measuring 
relative acidities of a series of structurally related compounds in nonpolar media using IR 
spectroscopy and introduces a new class of Brønsted acids, charge-enhanced acidity acids. 
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Finally, chapter 6 explores the acidities of small rigid triols in DMSO followed by an 
evaluation of their catalytic abilities in several organic transformations.      
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Chapter 2: A Preorganized Hydrogen Bond Network and Its Eﬀect on 
Anion Stability* 
2.1. Introduction 
Enzymes employ a variety of approaches to stabilize transition states and facilitate 
chemical reactions, but none of them are more important than hydrogen bond networks 
(HBNs) and electrostatic interactions.1-4 In some cases such as for triosphosphate and 
ketosteroid isomerases they also take advantage of rigid active sites to achieve greater 
specificity and reaction rates.5,6 Drawing inspiration from nature, considerable effort has 
been expended to develop metal-free hydrogen bond catalysts.7 Simple model compounds 
recently were investigated to probe the consequences of HBNs. For example, syn-triol 1s 
(Fig. 1) was reported to be ~160 times more active than its anti isomer 1a in a Friedel-
Crafts reaction.8  
 
Figure 1. Syn- and anti-isomers of triphenol 1.  
                                                 
* Samet, M.; Wang, X. –B.; Kass, S. R., A Preorganized Hydrogen Bond Network and Its Effect on Anion 
Stability. J. Phys. Chem. A, 2014, 118, 5989-5993. Copyright ACS. Reproduced with permission. 
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These results indicate that three hydrogen bond donors can be significantly more effective 
catalysts than their analogous two hydrogen bond analogs, even though the latter type of 
species have been the focus of the field. 
Energetic information on the consequences of HBNs were also recently reported.9-14 For 
example, deprotonation of a pentaol and heptaol with 5 and 7 hydroxyl (OH) groups (i.e., 
(HOCH2CH2CH(OH)CH2)2CHOH and (HOCH2CH2CH(OH)CH2)3COH) were found to 
afford stabilized oxyanion conjugate bases.12,14 Negative ion photoelectron spectroscopy 
revealed that in the gas phase this stabilization corresponds to 52.1 and 64.8 kcal mol–1, 
respectively.11,14 Electron withdrawing groups in combination with hydrogen bonds were 
found to lead to even larger enhancements of the adiabatic detachment energies (ADEs) 
(e.g., the ADE of (CF3)2C(OH)C(O¯)(CF3)2 is 75.8 kcal mol
–1 bigger than that for 
CH3CH2O¯).
13 All of these studies have focused on conformationally flexible compounds 
even though rigid triol 1s is a promising type of HBN catalyst and preorganized dipoles in 
the active site of an enzyme are thought to play a critical role in their catalytic abilities.15 
In this paper, the energetic consequences of small model compounds derived from myo-
inositol (2(0) – 2(3), Fig. 2), a naturally occurring and renewable compound derived from 
corn and beans, were characterized by negative ion photoelectron spectroscopy. Their 
conjugate bases and chloride-bound clusters are reported along with companion 
computations. 
 
Figure 2. Rigid tricyclic locked in all axial 1,3,5-cyclohexanetriol derivatives 2(0) – 2(3).  
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2.2. Experimental Section 
Synthetic details and NMR spectra for 2(1) – 2(3) are provided in the supporting 
information and appendix for chapter 2, respectively, whereas 2(0) was produced as 
described in the literature.16-18 
2.2.1. Computational Methods 
B3LYP19,20 and M06-2X21-23 geometry optimizations and subsequent vibrational 
frequency calculations were carried out with the 6-31+G(d,p) and aug-cc-pVDZ24 basis 
sets, respectively using Gaussian 0925 at the Minnesota Supercomputer Institute for 
Advanced Computational Research. M06-2X/maug-cc-pVT(+d)Z26 single point energies 
were also obtained to provide adiabatic and vertical detachment energies (i.e., ADEs and 
VDEs) as well as cluster energies. The former two quantities are given as enthalpies at 0 
K whereas the latter values were corrected to 298 K. Zero point energy (ZPE) corrected 
energies for the optimized structures of the anions and radicals were used to obtain the 
ADEs whereas non-relaxed structures for the radicals were utilized to compute the VDEs. 
That is, the electronic energy of the radical with the optimized geometry of the anion minus 
the electronic energy of the anion without any ZPE or thermal corrections afford the VDEs. 
Additional details (xyz coordinates, electronic energies, ZPEs and thermal corrections to 
298 K) for the most stable conformers of each structure and a few higher energy species 
are provided in the appendix for chapter 2. 
2.2.2. Photoelectron Spectroscopy 
Electrospray ionization of ~10–3 M aqueous methanolic solutions of 2(0) – 2(3) afforded 
their (M – 1)¯ anions and the addition of a small amount of sodium chloride resulted in 
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their (M + Cl)¯ ions being formed. Photoelectron spectra were recorded at 20 K with an 
instrument that has been reported previously using ArF and F2 excimer lasers at 193 nm 
(6.424 eV) and 157 nm (7.867 eV), respectively.27 Both lasers were operated at 20 Hz to 
enable shot-to-shot background subtraction of each acquired spectrum. A 5.2 m flight tube 
was used to collect and analyze the photoelectrons which were calibrated using known 
spectra of I¯ and Cu(CN)2¯. The resulting spectra have a resolution of ~50 meV for 
electrons with kinetic energies of ~2.5 eV. 
2.3. Results 
The conjugate bases of a series of scyllo-inositol monoorthoformate derivatives (2(0) – 
2(3)) were generated by electrospray ionization and their low temperature photoelectron 
spectra were recorded at 157 and 193 nm. Since both sets of data are equally informative 
only the former results are provided in Fig. 3. These spectra display a series of broad bands 
that correspond to formation of the radical in its ground and excited states. Vertical 
detachment energies (VDEs) were obtained from the peak maxima of the lowest energy 
bands whereas a linear extrapolation of their rapidly growing onset region (obtained by 
drawing a straight line along the rising edge and adding the instrumental resolution to the 
crossing point with the binding energy axis) provided the ADEs. The resulting values are 
given in Table 1 but due to the broadness of the first bands we adopt a conservative 
experimental uncertainty of 0.1 eV for both the ADEs and VDEs. 
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Figure 3. Low temperature (20 K) photoelectron spectra of the conjugate bases of 2(0) – 
2(3) (i.e., 2a(0) – 2a(3)) at 157 nm (7.867 eV).  
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Table 1. Experimental and calculated ADEs and VDEs in eV for the conjugate bases of 
2(0) – 2(3) and their chloride anion clusters. 
Cmpd expta B3LYP (M06-2X)b 
 ADE VDE ADE VDE 
2a(0) 3.75 ± 0.10 4.07 ± 0.10 3.39 (3.56) 3.78 
2a(1) 4.28 ± 0.10 4.70 ± 0.10 3.95 (4.17) 4.32 
2a(2) 4.65 ± 0.10 5.10 ± 0.10 4.34 (4.55) 4.76 
2a(3) 5.00 ± 0.10 5.50 ± 0.10 4.71 (4.83) 5.10 
2(0) • Cl¯ 5.36 ± 0.10 5.60 ± 0.10 4.84 (5.01) 5.20 
2(1) • Cl¯ 5.60 ± 0.10 5.82 ± 0.10 5.12 (5.13) 5.51 
2(2) • Cl¯ 5.80 ± 0.10 6.05 ± 0.10 5.31 (5.43) 5.77 
2(3) • Cl¯ 6.00 ± 0.10 6.23 ± 0.10 5.50 (5.60) 5.99 
aAt 20 K. bB3LYP/6-31+G(d,p) and M06-2X/maug-cc-pVT(+d)Z//M06-2X/aug-cc-pVDZ (in parentheses) 
energies. 
Addition of sodium chloride to an aqueous methanolic solution of triols 2(0) – 2(3) 
afforded their chloride anion clusters (2(0) • Cl¯ – 2(3) • Cl¯) upon electrospray ionization. 
The photoelectron spectra of these species were also recorded at 20 K with a F2 excimer 
laser that provides 157 nm photons (Fig. 4). A single broad band is observed in these 
spectra and the resulting thermodynamic data are given in Table 1.  
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Figure 4. Low temperature (20 K) photoelectron spectra of 2(0) • Cl¯ – 2(3) • Cl¯ at 157 
nm (7.867 eV). 
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B3LYP and M06-2X geometry optimizations were carried out with the 6-31+G(d,p) and 
aug-cc-pVDZ basis sets, respectively on the triols, their conjugate bases and corresponding 
radicals, and their chloride anion and chlorine atom clusters. The most favorable M06-2X 
structures for 2a(0) – 2a(3) and 2(0) • Cl¯ – 2(3) • Cl¯ are illustrated in Figs. 5 and 6, and 
the xyz Cartesian coordinates are given in the appendix for chapter 2. Single point energies 
with the larger maug-cc-pVT(+d)Z basis set were also computed to obtain the ADEs with 
the M06-2X functional since it is known to be sensitive and improve with the flexibility of 
the basis set.21-23 A series of related compounds (2'(0) – 2'(3), 2''(0), 2''(2), 3, 4(0), and 
4(3) in Fig. 7) were examined as well to systematically probe the energetic contributions 
of hydrogen bonds and inductive effects on the ADEs (Table 2). 
 
Figure 5. Lowest energy M06-2X/aug-cc-pVDZ conformers for the conjugate bases of 
triols 2(0) – 2(3). All of the structures except 2a(2) have CS symmetry. 
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Figure 6. Most favorable M06-2X/aug-ccpVDZ geometries located for 2(0) • Cl¯ – 2(3) 
• Cl¯. All of the structures except 2(1) • Cl¯ have CS symmetry. 
 
Figure 7. Polycyclic alcohols used to examine the consequences of hydrogen bonds and 
electron withdrawing groups on ADEs. 
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Table 2. M06-2X/maug-cc-pVT(+d)Z//M06-2X/aug-cc-pVDZ ADEs in eV for the 
conjugate bases and chloride anion clusters of a series of polycyclic alcohols. 
cmpd (ROH) 
ADE (eV) 
                          RO‾                                                 ROH • Cl‾ 
2'(0) 2.43 4.56 
2'(1) 3.16  
2'(2) 3.57  
2'(3) 3.95  
2''(0) 3.14 4.68 
2''(2) 4.26  
3 1.95 4.00 
4(0) 3.03  
4(3) 4.41  
 
2.4. Discussion 
The ADEs of 2a(0) – 2a(3) span from 3.75 to 5.00 eV and these values are all much 
larger than for the conjugate bases of isopropanol (ADE((CH3)2CHO
–) = 1.847 ± 0.004 
eV)28 and trifluoroethanol (ADE(CF3CH2O
–) = 2.5541 ± 0.0043 eV).29 They generally are 
also bigger than the conjugates bases of strong acids such as CH3CO2H,
30 HNO3,
31 HClO3
32 
and H3PO4
33 (i.e., 3.25 ± 0.01, 3.937 ± 0.014, 4.25 ± 0.10, and 4.570 ± 0.010 eV, 
respectively). These results indicate that the oxyanions of 2a(0) – 2a(3) are extensively 
stabilized due to the hydrogen bond networks in these ions and the electron withdrawing 
groups that are present. That is, the oxygen atoms in the ring skeleton and the 
trifluoromethyl substituents. 
To assess the effect of the CF3 groups, their sequential impact on the ADEs was found 
to be 0.53, 0.37, and 0.35 eV (Table 1). These energy differences are well reproduced by 
both B3LYP/6-31+G(d,p) and M06-2X/maug-cc-pVT(+d)Z//M06-2X/aug-cc-pVDZ 
computations (i.e., 0.56, 0.39, and 0.37 eV (B3LYP) and 0.61, 0.38, and 0.28 eV (M06-
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2X)) and indicate that the first CF3 substituent only has a slightly larger effect than the 
second and third ones. This might appear to be surprising in that the inductive effect is 
distance dependent and the latter two CF3 groups are further away from the ionization site, 
but they enhance the acidity of the hydroxyl groups and their effect can be transmitted 
through the hydrogen bond network. This is analogous to resonance stabilization which 
takes place through conjugated -electron systems, but represents a new long-range 
stabilizing mechanism. 
 The effect of the oxygen atoms in the ring skeleton was also considered by carrying out 
computations on the conjugate bases of 3, 4(0), and 4(3). Their predicted ADEs are smaller 
than those for deprotonated 2'(0), 2(0), and 2(3) by 0.48, 0.53, and 0.42 eV, respectively. 
Stabilization of the scyllo-inositol derivative 2a(0) relative to its adamantane analog, 
consequently, is about the same as incorporating 1 CF3 group into the former species (i.e., 
ADE(2a(1) – 2a(0)) = 0.53 eV). 
To evaluate the importance of the hydroxyl groups and the hydrogen bond network in 
2a(0), its computed ADE was compared to those for 2'a(0) and 2"a(0). These results reveal 
that incorporation of a second hydroxyl group into 2'a(0) increases the electron binding 
energy by 0.71 eV (i.e., ADE(2"a(0) – 2'a(0)) and the third OH substituent adds another 
0.42 eV to the ADE. This leads to a total stabilization resulting from the hydrogen bond 
network in this rigid system of 1.13 eV. Sequential addition of trifluoromethyl groups to 
2a(0) increases the ADEs further, but due to the leveling effect the total impact of the 
hydroxyl groups diminishes by ~0.1 eV per CF3 substituent (i.e., 1.01 (2a(1)), 0.98 (2a(2)), 
and 0.88 eV (2a(3))). A total stabilization of 2.88 eV is found in going from 3a to 2a(3) 
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due to the hydrogen bonds and inductive effect in the latter species. These findings suggest 
that 2(3) is a strong Brønsted acid in aprotic solvents and may be an active organic catalyst. 
Triols 2(0) – 2(3) readily form chloride anion complexes via electrospray ionization. 
Their ADEs are larger than that for Cl¯ (3.613577 ± 0.000044 eV)34 by 1.75 – 2.39 eV and 
range from 5.36 to 6.00 eV. These large values are due to the strong clustering energies of 
2(0) – 2(3) which are predicted to range from 1.7 to 2.3 eV (39 – 54 kcal mol–1) at the M06-
2X/maug-cc-pVT(+d)Z//M06-2X/aug-cc-pVDZ level. The most stable structures all have 
three hydrogen bonds, but contrary to expectation only two are formed to the chloride 
anion; the third is a bifurcated secondary hydrogen bond between the remote hydroxyl 
group and the two OH substituents directly interacting with the chloride anion. Structures 
with one and three hydrogen bonds to Cl– were also located for 2(0) • Cl¯ but they are 1.9 
and 4.9 kcal mol–1 less stable, respectively at the B3LYP/6-31+G(d,p) level. Direct 
hydrogen bonds to an anionic center typically are favored, but in this case the resulting 
structure with three hydrogen bonds suffers from electron - electron repulsion due to the 
overlap of the lone pairs of electrons on the oxygen atoms. This is the result of the rigidity 
and cavity size of the ring system. 
Each CF3 group increases the ADE of the cluster ion by ~ 0.2 eV and the three oxygen 
atoms in the ring skeleton are predicted to have a net stabilization of 0.56 eV when the 
substrate has just one OH substituent (i.e., ADE(2'(0) • Cl¯) = 4.56 eV vs ADE(3 • Cl¯) = 
4.00 eV). As for the hydrogen bond network, we estimate that the first OH group increases 
the ADE of chloride ion by 0.39 eV (i.e., ADE((3 • Cl¯) – ADE(Cl¯)) whereas the second 
and third hydroxy substituents lead to sequential stabilizations of 0.12 and 0.33 eV. The 
smaller of these latter two values is due to the rigidity of the ring system and arises from 
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the lone pair–lone pair electron repulsion between the two oxygen atoms in 2"(0) • Cl¯ due 
to the formation of the two Cl¯•••HO hydrogen bonds. This destabilizing effect is 
alleviated by the presence of the third hydroxyl group in 2(0). As a result, the third OH 
group is energetically almost as important as the first and substantially more favorable than 
the second hydroxyl substituent. These results suggest that 2(3) might function as an anion 
receptor and a hydrogen bond catalyst in condensed media.  
2.5. Conclusions 
The photoelectron spectra of a series of rigid triol (M – 1)¯ and (M + Cl)¯ anions were 
recorded and the structures and energetics of these species were modeled via density 
functional computations. Intramolecular hydrogen bonds and inductive stabilization 
resulting from three additional oxygen atoms and up to three trifluoromethyl groups lead 
to enhanced ADEs of 1.61 – 2.88 eV for the conjugate bases and 1.01 – 1.60 eV for the 
chloride anion clusters. These results suggest that these rigid triols may prove to be 
effective Brønsted hydrogen bond catalysts as well as anion molecular recognition 
reagents. A new long range stabilization mechanism is also suggested whereby the 
inductive effect is transmitted over distance via hydrogen bonds.  
2.6. Supporting Information  
2.6.1. General  
Dess-Martin periodinane (DMP) was prepared according to previously reported 
procedures.35,36 Anhydrous dichloromethane (CH2Cl2) and dimethylformamide (DMF) 
were bought from EMD Chemicals Inc. Trimethyl(trifluoromethyl)silane (TMSCF3) and 
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) were purchased from Matrix Scientific 
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and Combi-Blocks, respectively. All other reactants, reagents and solvents came from 
Sigma-Aldrich. Tetrahydrofuran (THF) was dried over sodium metal at reflux under an 
argon atmosphere using benzophenone as an indicator and was subsequently distilled. 
Glassware (e.g., vials, NMR tubes and flasks) was dried in ovens and allowed to cool under 
a stream of argon or nitrogen. Hydrogenation reactions were carried out in a 600 mL Parr 
stainless steel reactor. TLC analyses were performed on precoated (250 mm) silica gel 60 
F-254 plates (Merck) and were visualized by staining with KMnO4 or a hand-held UV 
lamp. Medium pressure liquid chromatography (MPLC) was carried out with a Biotage 
Isolera 1 in which the samples were dissolved in a minimal amount of CH2Cl2 and syringed 
on to a silica gel (Premium Rf Silica Gel, 60A, 40-75µm) column. Melting points (m.p.) 
were measured with a Uni-Melt apparatus (Thomas Hoover) and are uncorrected. Proton, 
13C, and 19F NMR spectra were obtained with Varian VXR 300, VI 300 and 500 MHz, and 
Bruker AV 500 MHz spectrometers and are reported in ppm. In all cases, the signals were 
referenced to the residual solvent as follows: CHCl3 = 7.27 δ (1H), 77.0 δ (13C); CHD2CN 
= 1.94 δ (1H), 1.39 δ (13C) and CF3CO2H = -78.5 δ (19F). IR spectra of neat samples were 
recorded on a Nicolet iS5 FT-IR spectrometer with an ATR source while mass spectra were 
obtained with a Bruker ESI-BioTOF. In the latter case, methanolic solutions were used and 
high resolution data were obtained using PEG as an internal standard.  
2.6.2. Synthetic Procedures for Compounds 2(0) – 2(3)  
1-Trifluoromethyl-3,5-dibenzyloxy scyllo-inositol monoorthoformate (6): In a dry 200 
mL round bottomed flask, 1.00 g (2.70 mmol) of dibenzyl alcohol 516,17 was dissolved in 
30 mL of dry CH2Cl2 under argon. Dess-Martin periodinane (DMP, 1.72 g, 4.05 mmol) 
was transferred to the flask all at once, and the mixture was magnetically stirred overnight 
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(~ 16 h). Diethyl ether (60 mL) and 50 mL of an aqueous solution consisting of 25 mL of 
10% Na2S2O3 and 25 mL of 5% NaHCO3 were subsequently added and the resulting 
mixture was vigorously stirred with a magnetic stir bar for 15 min. Both layers were clear 
at this point, so they were separated and the aqueous solution was extracted with 30 mL of 
diethyl ether. The combined organic material was washed with 20 mL of brine, dried over 
Na2SO4 and concentrated under reduced pressure to afford 0.95 g (95%) of a white solid. 
Its IR spectrum had a band at 1759 cm-1 for the ketone and an OH stretch at 3463 cm-1, but 
it was used without further purification in the next step. 
In a 100 mL round bottomed flask containing 0.880 g (2.39 mmol) of the resulting 
ketone in 20 mL of THF, 0.710 mL (0.680 g, 4.78 mmol) of TMSCF3 was added under 
argon at room temperature. This solution was then cooled to 0 ˚C and 35.0 μL (35.0 μmol) 
of 1.00 M TBAF solution in THF was added in one portion. The stirred reaction mixture 
was slowly allowed to warm to room temperature overnight and then more TBAF (7.20 
mL, 7.20 mmol) was added. After stirring the reaction mixture for an additional 45 min, it 
was concentrated under reduced pressure. The resulting material was dissolved in 20 mL 
of diethyl ether and passed through a small plug of silica gel. More ether (50 mL) was used 
to wash the silica gel, and the combined organic material was concentrated under reduced 
pressure. A light brown solid was obtained and it was purified by MPLC (5/95 
EtOAc/hexanes to 40/60 EtOAc/hexanes) to afford 0.60 g (51% overall) of a white solid 
(Rf = 0.42 in 20/80 EtOAc/hexanes, m.p. 124 – 126 ˚C). 1H NMR (500 MHz, CDCl3) δ 
7.35 – 7.28 (m, 6H), 7.26 – 7.22 (m, 4H), 5.54 (s, 1H), 5.41 (s, 1H), 4.69 (d, J = 10.8 Hz, 
2H), 4.65 (d, J = 11.2 Hz, 2H), 4.61 (m, 3H), 4.52 (dd, J = 3.4, 3.5 Hz, 2H). 13C (75 MHz, 
CDCl3) δ 136.1, 128.6, 128.3, 128.1, 124.0 (q, J = 284 Hz), 102.1, 73.6, 72.0, 69.4 (q, J = 
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28.4 Hz), 67.5, 67.2. 19F (282 MHz, CDCl3) δ -82.0. IR (ATR source) 3416, 3035, 2917 
cm-1. HRMS-ESI: calc for C22H21F3NaO6
+ (M + Na)+ 461.1199, found 461.1182. 
1-Trifluoromethyl scyllo-inositol monoorthoformate (2): Dibenzyl alcohol 6 (0.60 g, 
1.40 mmol) was dissolved in 10 mL of THF in a 50 mL round bottomed flask and 0.20 g 
of 20% Pd(OH)2 on carbon was added. This flask was placed in a hydrogenation reactor 
and evacuated and then charged with hydrogen to a pressure of 100 psi three times in 
succession. The resulting reaction mixture was stirred with a magnetic stir bar at room 
temperature overnight and then was vented. Diethyl ether (30 mL) was added and the 
solution was filtered through a small plug of silica gel. After rinsing the silica gel twice 
with 20 mL portions of diethyl ether, the combined ethereal solution was concentrated 
under reduced pressure to obtain a white solid. It was washed with a minimal amount of 
chloroform to afford 0.24 g (69%) of 2 (m.p. 115 – 117 ˚C). 1H NMR (500 MHz, CD3CN) 
δ 5.49 (s, 1H), 5.27 (br s, 1H), 4.54 (m , 2H), 4.40 (dd, J = 1.5, 4.4 Hz , 2H), 4.30 (m, 1H), 
4.14 (br s, 2H). 13C (75 MHz, CD3CN) δ 125.6 (q, J = 284 Hz), 102.5, 71.8, 70.8 (q, J = 
27.5 Hz), 69.8, 68.4. 19F (282 MHz, CD3CN) δ -82.6. IR (ATR source) 3471, 3432, 3305, 
3058, 2983, 2939, 2924 cm-1. HRMS-ESI: calc for C8H8F3O6
- (M – H)- 257.0278, found 
257.0258.  
3-tert-Butyldimethylsilyloxy-5-p-methoxybenzyloxy myo-inositol monoorthoformate 
(8): Diol 718 (18.0 g, 59.1 mmol) was dissolved in 200 mL of anhydrous DMF in a 500 mL 
round bottomed flask under argon. This solution was cooled to 0 ˚ C and 2.60 g (65.0 mmol) 
of NaH (60% dispersion in oil) was added in several portions. After 30 min of stirring 8.87 
mL (10.2 g, 65.0 mmol) of p-methoxybenzyl chloride (PMBCl) was added over the course 
of 3 min. The resulting reaction mixture was allowed to warm to room temperature 
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overnight and then was quenched by slowly adding 10 mL of saturated aqueous NH4Cl. 
Concentration of this solution under vacuum at 60 ˚C resulted in a residue that was rinsed 
and filtered 3 times with 200 mL portions of diethyl ether. The combined organic material 
was successively washed with 50 mL of water and 50 mL of brine, and then was dried over 
Na2SO4. Rotary evaporation of the solvent resulted in an oil which was purified by MPLC 
(5/95 EtOAc/hexanes to 50/50 EtOAc/hexanes) to afford 19.0 g (76%) of an oily, viscous 
and colorless compound which upon standing overnight formed white crystals (Rf = 0.48 
in 25/75 EtOAc/hexanes, m.p. 68 – 70 ˚C). 1H NMR (500 MHz, CDCl3) δ 7.24 (m, 2H), 
6.91 (m, 2H), 5.49 (d, J = 1.5 Hz, 1H), 4.60 (s, 2H), 4.45 – 4.40 (m, 1H), 4.37 (m, 1H), 
4.23 – 4.19 (m, 2H), 4.14 – 4.10 (m, 2H), 3.83 (s, 3H), 3.70 (d, J = 10 Hz, 1H), 0.953 (s, 
9H), 0.157 (s, 3H), 0.153 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 160.0, 129.8, 128.0, 
114.2, 102.5, 74.9, 74.4, 72.8, 72.6, 68.3, 67.5, 60.9, 55.3, 25.9, 18.4, -4.6, -4.7. IR (ATR 
source) 3472, 3009, 2956, 2932, 2855 cm-1. HRMS-ESI: calc for C21H32NaO7Si
+ (M + 
Na)+ 447.1831, found 447.1815. 
3-tert-Butyldimethylsilyloxy-2-benzyloxy-5-p-methoxybenzyloxy scyllo-inositol mono-
orthoformate (9): Silyl ether 8 (18.7 g, 44.0 mmol) was dissolved in 120 mL of dry THF 
in a 500 mL round bottomed flask under argon. Sodium hydride (3.50 g of a 60% dispersion 
in oil, 88.0 mmol) was slowly added to the flask at 0 ˚C with stirring. Benzyl bromide 
(BnBr, 10.3 mL, 15.1 g, 88.0 mmol) was slowly syringed into the flask 30 min later and 
the resulting solution was stirred overnight and allowed to warm to room temperature. 
Water (10 mL) was used to quench the reaction and then it was concentrated under reduced 
pressure. The flask and the residue were rinsed twice with 100 mL portions of diethyl ether 
and the combined organic material was extracted with 50 mL of water, 50 mL of brine, and 
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then dried with Na2SO4. Concentration under reduced pressure afforded an oily residue 
that was purified by MPLC (5/95 EtOAc/hexanes to 25/75 EtOAc/hexanes) to afford 19.0 
g (83%) of 9 as a viscous and colorless oil (Rf = 0.63 in 25/75 EtOAc/hexanes). 
1H NMR 
(500 MHz, CDCl3) δ 7.33 – 7.25 (m, 5H), 7.19 (m, 2H), 6.81 (m, 2H), 5.53 (d, J = 1.5 Hz, 
1H), 4.66 (d, J = 12.0 Hz, 1H), 4.59 (d, J = 7.0 Hz, 1H), 4.57 (d, J = 7.0 Hz, 1H), 4.51 (d, 
J = 11.5, 1H), 4.39 (m, 2H), 4.32 (m, 2H), 4.15 (m, 1H), 4.12 (m, 1H), 3.81 (s, 3H), 0.935 
(s, 9H), 0.134 (s, 6H). 13C NMR (125 MHz, CDCl3) δ 159.2, 137.7, 129.7, 129.1, 128.4, 
127.7, 127.4, 113.7, 103.1, 74.2, 73.9, 73.3, 73.2, 71.4, 71.3, 68.0, 61.7, 55.2, 26.0, 18.4, -
4.6. IR (ATR source) 3064, 3030, 3006, 2955, 2928, 2855 cm-1. HRMS-ESI: calc for 
C28H38NaO7Si
+ (M+Na)+ 537.2284, found 537.2305.  
1-Trifluoromethyl-1-trimethylsilyloxy-3-benzyloxy-5-p-methoxybenzyloxy scyllo-inosit-
ol monoorthoformate (10): In a 500 mL round bottomed flask, 100 mL of a 1.0 M TBAF 
solution in THF was added in one portion with stirring to 18.5 g (35.9 mmol) of 9 in 50 
mL of anhydrous THF under argon. After 45 min, the THF was removed under reduced 
pressure and the residue was dissolved in 200 mL of diethyl ether. This solution was filtered 
through a plug of silica gel which was then rinsed with 200 mL of diethyl ether. 
Concentration of the combined solutions under reduced pressure afforded 14.0 g (97%) of 
the TBS deprotected alcohol as white crystals (Rf = 0.13 in 25/75 EtOAc/hexanes). Their 
IR spectrum had a band at 3461 cm-1 and they were used in the next step without further 
purification. 
In a 500 mL round bottomed flask, 100 mL of CH2Cl2 and 1.95 mL (2.92 g, 23.0 mmol) 
of oxalyl chloride were mixed at room temperature under an inert atmosphere. After 
cooling to -78 o C, 3.25 mL (3.59 g, 46.0 mmol) of anhydrous DMSO was syringed into 
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the flask in one portion and 5 min later 4.60 g (11.5 mmol) of the TBS deprotected alcohol 
in 200 mL of CH2Cl2 was added through a cannula over the course of 30 min. 
Triethylamine (16.0 mL, 11.6 g, 115 mmol) was slowly added an hour later and after an 
additional 45 min the reaction mixture was allowed to warm to room temperature. Removal 
of the solvent under reduced pressure led to a solid residue that was partially dissolved with 
150 mL of diethyl ether, and this solution was filtered through a small plug of silica gel. 
An additional 200 mL of ether was used to rinse the silica gel and the combined organic 
material was concentrated under reduced pressure. The resulting oil was purified by MPLC 
(15/85 EtOAc/hexanes to neat EtOAc) to afford 4.00 g (87%) of a colorless and viscous 
oil that turned to a solid upon standing overnight. Its IR spectrum had a carbonyl stretch at 
1755 cm-1 and this compound was used in the next step without further purification.  
In a 200 mL round bottomed flask, 3.50 g (8.79 mmol) of the intermediate ketone was 
dissolved in 40 mL of anhydrous THF under an argon atmosphere. 
Trimethyl(trifluoromethyl)silane (TMSCF3, 2.60 mL, 2.50 g, 17.6 mmol) was added to the 
room temperature solution and then was cooled with an ice-water bath. 
Tetrabutylammonium fluoride in THF (1.0 M, 0.26 mL) was syringed into the flask in one 
portion and then the reaction mixture was allowed to warm up to room temperature 
overnight. Removal of the solvent under reduced pressure afforded an oily residue that was 
dissolved in 50 mL of diethyl ether and filtered through a small plug of silica gel. The latter 
material was washed with 100 mL of diethyl ether and the combined ethereal solution was 
concentrated under reduced pressure. Purification of the residue by MPLC (5/95 
EtOAc/hexanes to 30/70 EtOAc/hexanes) gave 3.50 g (74%) of 10 as a white crystalline 
compound (Rf = 0.52 in 14/86 EtOAc/hexanes, m.p. 90 – 92 ˚C). 1H NMR (500 MHz, 
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CDCl3) δ 7.38 – 7.31 (m, 5H), 7.28 (m, 2H), 6.88 (m, 2H), 5.44 (s, 1H), 4.66 (d, J = 11.9 
Hz, 1H), 4.59 (d, J = 11.1 Hz, 2H), 4.54 (d, J = 11.6 Hz, 1H), 4.48 – 4.44 (m, 2H), 4.37 – 
4.33 (m, 3H), 3.83 (s, 3H), 0.030 (s, 9H). 13C NMR (125 MHz, CDCl3) δ 159.4, 137.4, 
129.9, 129.4, 128.4, 128.2, 127.9, 125.0 (q, J = 289 Hz), 113.7, 102.4, 73.6, 73.2, 71.7, 
71.4, 70.4 (q, J = 27.1 Hz), 68.9, 68.7, 68.0, 55.3, 1.62 (q, J = 1.8 Hz). 19F (471 MHz, 
CDCl3) δ -78.5. IR (ATR source) 3094, 3070, 3020, 2957, 2937, 2903, 2865, 2842 cm-1. 
HRMS-ESI: calc for C26H31F3NaO7Si
+ (M + Na)+ 563.1689, found 563.1704.  
5-Trifluoromethyl-5-trimethylsilyloxy-3-benzyloxy scyllo-inositol monoorthoformate 
(11): In a 250 mL round bottomed flask, 2.80 g (5.18 mmol) of 10, 50 mL of CH2Cl2, 2.35 
g (10.7 mmol) of DDQ, and 2.5 mL of water were sequentially added at room temperature 
under argon. After 3 h, the dark orange solution was decanted and the precipitate in the 
flask was rinsed with 100 mL of diethyl ether. The combined organic material was washed 
with 50 mL of saturated NaHCO3 followed by 50 mL of water. It was then vigorously 
stirred with a 100 mL of saturated NaHSO3 in a 500 mL round bottomed flask using a stir 
bar until the solution turned very light yellow (~ 30 min). The organic layer was separated 
and the water phase was extracted with 50 mL of diethyl ether. The combined non-aqueous 
solution was dried over Na2SO4, concentrated under reduced pressure, and the resulting 
oily residue was purified by MPLC (5/95 EtOAc/hexanes to 30/70 EtOAc/hexanes) to 
afford 1.90 g (87%) of 11 as a white solid (Rf = 0.43 in 14/86 EtOAc/hexanes, m.p. 103 – 
105 ˚C). 1H NMR (500 MHz, CDCl3) δ 7.40 – 7.34 (m, 5H), 5.47 (s, 1H), 4.70 (d, J = 11.8 
Hz, 1H), 4.65 (d, J = 11.3 Hz, 1H), 4.54 (m, 1H), 4.50 – 4.43 (m, 4H), 3.80 (d, J = 12.3 
Hz, 1H), 0.080 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 135.9, 129.0, 128.7, 124.0 (q, J = 
289 Hz), 110.3, 101.9, 73.8, 72.7, 71.5 (q, J = 27.4 Hz), 69.3, 68.7, 68.2, 67.7, 1.24. 19F 
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NMR (282 MHz, CDCl3) δ -78.2. IR (ATR source) 3512, 3494, 3060, 3031, 2973, 2960, 
2942, 2905, 2885 cm-1. HRMS-ESI: calc for C18H23F3NaO6Si
+ (M + Na)+ 443.1114, found  
443.1126.  
1,3-Trifluoromethyl-5-benzyloxy scyllo-inositol (12): Alcohol 11 (1.00 g, 2.40 mmol) 
was dissolved in 20 mL of dry CH2Cl2 in a 100 mL round bottomed flask under argon. 
Sodium bicarbonate (2.00 g, 24.0 mmol) and 1.52 g (3.60 mmol) of DMP were rapidly 
added in succession and the reaction mixture was stirred at room temperature for 16 hrs. 
Diethyl ether (50 mL), 10% aqueous Na2S2O3 (15 mL) and 5% aqueous NaHCO3 (15 mL) 
were then added and after 20 min of stirring the cloudy organic layer became clear. It was 
separated from the aqueous phase and the later was extracted with 25 mL of diethyl ether. 
The combined organic material was washed with 20 mL of brine, dried over Na2SO4 and 
concentrated under reduced pressure to afford an oily residue. Purification by MPLC (5/95 
EtOAc/hexanes to 40/60 EtOAc/hexanes) gave 0.82 g (82%) of the intermediate ketone as 
a white solid. Its IR spectrum had a carbonyl absorption at 1764 cm-1 and a residual OH 
stretch at 3406 cm-1, but it was used in the next step without further purification.  
The intermediate ketone (0.820 g, 2.00 mmol) was dissolved in 4.0 mL of dry THF in a 
25 mL round bottomed flask under an inert argon atmosphere. Trimethyl-
(trifluoromethyl)silane (0.580 mL, 0.557 g, 3.92 mmol) was added at room temperature in 
one portion and then the flask was cooled to 0 ˚ C. A solution of 1.0 M TBAF in THF (0.040 
mL) was syringed into the flask all at once and the reaction mixture was allowed to warm 
up to room temperature overnight. To remove both TMS protecting groups, an additional 
5.90 mL of the 1.00 M TBAF solution was added to the reaction flask. After 30 min, the 
solvent was removed under reduced pressure and 20 mL of diethyl ether was added. This 
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solution was passed through a plug of silica gel which was then rinsed with 100 mL of 
diethyl ether. The combined organic material was concentrated under reduced pressure and 
the resulting oily residue was purified by MPLC (5/95 EtOAc/hexanes to 30/70 
EtOAc/hexanes) to afford 0.640 g (57% overall) of 12 as a white solid. A small sample 
was recrystallized with hexanes for characterization purposes (Rf = 0.58 in 25/75 
EtOAc/hexanes, m.p. 120 – 122 ˚C). 1H NMR (500 MHz, CDCl3) δ 7.44 – 7.37 (m, 3H), 
7.36 – 7.32 (m, 2H), 5.56 (s, 1H), 4.74 (s, 2H), 4.64 (t, J = 1.8 Hz, 1H), 4.59 – 4.55 (m, 
3H), 4.38 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 135.2, 129.03, 128.97, 123.0 (q, J = 285 
Hz), 128.4, 101.4, 73.6, 72.8, 70.3 (q, J = 28.9 Hz), 67.0, 66.8. 19F NMR (471 MHz, CDCl3) 
δ -81.1 ppm. IR (ATR source) 3344, 3059, 3034, 2978, 2960, 2926, 2877 cm-1. HRMS-
ESI: calc for C16H13F6O6
- (M – H)- 415.0622, found 415.0610. 
1,3-Trifluoromethyl scyllo-inositol monoorthoformate (3): In a 25 mL round bottomed 
flask, 0.600 g (1.44 mmol) of diol 12, 6.0 mL of THF, and 0.200 g of 20% Pd(OH)2 on 
carbon were added and the flask was placed in a hydrogenation apparatus. The reactor was 
evacuated and charged with hydrogen to a pressure of 500 psi three times in succession 
and then was magnetically stirred overnight. After releasing the pressure, the reaction 
mixture was diluted with 10 mL of diethyl ether and passed through a small plug of silica 
gel. An additional 30 mL of diethyl ether was used to wash the silica gel and the combined 
material was concentrated under reduced pressure. The resulting oily residue was purified 
by MPLC (neat CH2Cl2 to 20/80 MeOH/CH2Cl2) to afford 0.400 g (85%) of triol 3 as a 
white solid (Rf = 0.57 in 10/90 MeOH/ CH2Cl2) = 0.57, m.p. 158 – 160 ˚C). 1H NMR (500 
MHz, CD3CN) δ 5.57 (s, 1H), 5.31 (s, 2H), 4.68 (dt, J = 3.9, 4.4 Hz, 1H), 4.60 (t, J = 2.0 
Hz, 1H), 4.48 (dd, J = 2.0, 3.4 Hz, 2H), 4.43 (br d, J = 5.4 Hz, 1H). 13C NMR (75 MHz, 
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CD3CN) δ 125.0 (q, J = 285 Hz), 102.0, 71.3 (q, J = 27.9 Hz), 69.5, 68.0, 67.7. 19F NMR 
(282 MHz, CD3CN) δ -80.2 IR (ATR source) 3438, 3367, 2981, 2954, 2929 cm-1. HRMS-
ESI: calc for C9H7F6O6
- (M – H)- 325.0152, found 325.0144. 
1-Trifluoromethyl-3-tert-butyldimethylsilyloxy-5-p-methoxybenzyloxy myo-inositol mo-
noorthoformate (13): Anhydrous dichloromethane (240 mL) and 2.49 mL (3.68 g, 29.0 
mmol) of oxalyl chloride were mixed in a 1.0 L round bottomed flask under a flow of 
argon. After cooling to -78 ˚C, 4.12 mL (4.53 g, 58.0 mmol) of anhydrous DMSO was 
syringed into the flask all at once and the resulting solution stirred for 5 min. Alcohol 8 
(6.00 g, 14.0 mmol) was dissolved in 400 mL of anhydrous CH2Cl2 under argon and slowly 
transferred to the 1.0 L round bottomed flask through a cannula with a positive pressure of 
argon over the course of 45 min. The reaction mixture was stirred at -78 ˚C for 1 h and then 
19.5 mL (14.2 g, 140 mmol) of TEA was slowly added via syringe over 5 min while the 
reaction mixture was allowed to warm up to room temperature over ~ 45 min. The solvent 
was removed under reduced pressure at room temperature to obtain a yellow solid residue 
which was rinsed twice with 100 mL portions of diethyl ether and filtered through a plug 
of silica gel. The silica was washed with an additional 200 mL of diethyl ether and the 
combined ethereal solution was concentrated under reduced pressure. An oily residue 
resulted which was purified by MPLC (5/95: EtOAc/hexanes to 50/50: EtOAc/hexanes) to 
afford 5.50 g (92%) of the corresponding ketone as a light yellow oil. Its IR spectrum had 
a band at 1766 cm-1 for the ketone and an OH stretch at 3452 cm-1, but it was used in the 
next step without further purification. 
The ketone intermediate (5.50 g, 13.0 mmol) was dissolved in 55 mL of dry THF in a 
200 mL round bottomed flask under argon. Trimethyl(trifluoromethyl)silane (TMSCF3, 
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4.80 mL, 4.69 g, 33.0 mmol) was added and then the reaction mixture was cooled to 0 ˚C. 
Tetrabutylammonium fluoride in THF (1.00 M, 0.150 mL) was syringed into the flask all 
at once and the reaction mixture was stirred while it was allowed to warm up to room 
temperature overnight. To selectively remove the TMS protecting group, the THF was 
removed under reduced pressure and 100 mL of anhydrous methanol and 12.0 g (84.0 
mmol) of K2CO3 were then added to the flask. The resulting suspension was stirred for 5 h 
and then the methanol was removed under reduced pressure at room temperature. The solid 
residue was rinsed with 150 mL of diethyl ether and the ethereal solution was successively 
washed with 50 mL of water and 50 mL of brine. The aqueous layer was extracted with 
100 mL of diethyl ether and the combined ethereal solution was dried over Na2SO4. It was 
concentrated under reduced pressure, and the residue was purified by MPLC (5/95: 
EtOAc/hexanes to 25/75: EtOAc/hexanes) to afford 4.40 g (64% overall) of alcohol 13 as 
a colorless viscous oil (Rf = 0.49 in 20/80: EtOAc/hexanes). 
1H NMR (500 MHz, CDCl3) 
δ 7.25 (m, 2H), 6.92 (m, 2H), 5.50 (d, J = 1.2 Hz, 1H), 5.06 (s, 1H), 4.65 (s, 2H), 4.43 (dd, 
J = 4.0, 4.0 Hz, 1H), 4.28 (ddd, J = 1.5, 3.7, 3.7 Hz, 1H), 4.25 (dd, J = 1.8, 3.1 Hz, 1H), 
4.20 (dd, J = 1.9, 4.0 Hz, 1H), 4.07 (m, 1H), 3.84 (s, 3H), 0.951 (s, 9H), 0.159 (s, 3H), 
0.149 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 160.2, 130.0, 127.2, 124.0 (q, J = 283 Hz), 
114.4, 102.2, 73.8, 73.5, 72.6, 72.0, 70.3 (q, J = 28.0 Hz), 65.8, 61.4, 55.3, 25.8, 18.3, -4.7, 
-4.8. 19F NMR (471 MHz, CDCl3) δ -81.0. IR (ATR source) 3391, 2953, 2929, 2885, 2856 
cm-1. HRMS-ESI: calc for C22H31F3NaO7Si
+ (M + Na)+ 515.1689, found 515.1691. 
1-Trifluoromethyl-1-benzyloxy-3-tert-butyldimethylsilyloxy-5-p-methoxybenzyl myo-
inositol monoorthoformate (14): In a 200 mL round bottomed flask, 4.40 g (8.90 mmol) of 
13 was dissolved in 60 mL of anhydrous DMF under argon. After cooling to 0 ˚C, 0.704 g 
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(17.6 mmol) of NaH (60% dispersion in mineral oil) was added portion wise and the 
resulting solution was stirred for 30 min. Benzyl bromide (BnBr, 2.08 mL, 3.01 g, 17.6 
mmol) was added over the course of 1 min and then the reaction mixture was allowed to 
warm up to room temperature. After 2 h of stirring, 10 mL of saturated NH4Cl was slowly 
added and the resulting solution was concentrated under vacuum at 60 ˚C. The gummy 
residue was rinsed with 200 mL of diethyl ether and the latter was successively washed 
with 50 mL of water and twice with 30 mL portions of brine. The aqueous phase was 
extracted with 50 mL of diethyl ether and the combined organic material was dried over 
Na2SO4 and concentrated under reduced pressure. The oily residue was purified by MPLC 
(hexanes to 20/80: EtOAc/hexanes) to afford 4.30 g (83%) of 14 as a colorless viscous oil 
(Rf = 0.26 in 10/90: EtOAc/hexanes). 
1H NMR (500 MHz, CDCl3) δ 7.26 – 7.23 (m, 3H), 
7.22 – 7.19 (m, 2H), 7.10 (m, 2H), 6.82 (m, 2H), 5.58 (d, J = 1.2 Hz, 1H), 4.82 (d, J = 10.4 
Hz, 1H), 4.74 (ddd, J = 1.9, 3.7, 3.7 Hz, 1H), 4.62 (d, J = 10.1 Hz, 1H), 4.50 (m, 1H), 4.51 
(d, J = 11.3 Hz, 1H), 4.46 (d, J = 11.6 Hz, 1H), 4.41 (dd, J = 3.7, 3.7 Hz, 1H), 4.24 (dd, J 
= 1.9, 4 Hz, 1H), 4.09 (m, 1H), 3.81 (s, 3H), 0.938 (s, 9H), 0.134 (s, 3H), 0.116 (s, 3H). 
13C NMR (125 MHz, CDCl3) δ 159.6, 137.1, 129.7, 128.8, 128.0, 127.4, 127.0, 124.5 (q, 
J = 291), 114.0, 102.9, 74.1, 79.3 (q, J = 25.3), 72.6, 72.4, 72.1, 67.5, 66.9, 62.0, 55.2, 25.9, 
18.4, -4.7, -4.8. 19F NMR (471 MHz, CDCl3) δ -75.3. IR (ATR source) 3067, 3033, 2955, 
2931, 2897, 2858 cm-1. HRMS-ESI: calc for C29H37F3NaO7Si
+ (M + Na)+ 605.2158, found 
605.2154. 
3-Trifluoromethyl-3-benzyloxy-5-tert-butyldimethylsilyloxy myo-inositol monoortho-
formate (15): In a 200 mL round bottomed flask, 4.00 g (6.90 mmol) of silyl ether 14 was 
dissolved in 100 mL of CH2Cl2 and then 3.29 g (14.9 mmol) of DDQ and 5 mL of water 
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were added under argon. After 17 h of stirring, the reaction mixture was decanted and the 
orange precipitate was rinsed twice with 50 mL portions of CH2Cl2. The combined organic 
material was washed with 100 mL of saturated NaHCO3 and then vigorously stirred with 
150 mL of saturated NaHSO3 in a 500 mL round bottomed flask until the organic solution 
turned very light yellow (~ 30 min). The aqueous solution was separated and extracted with 
50 mL of CH2Cl2. The combined organic material was dried over Na2SO4 and concentrated 
under reduced pressure and the gummy residue was dissolved in 100 mL of THF/MeOH 
(1/1). After cooling to 0 ˚C, 2.60 g (69.0 mmol) of NaBH4 was slowly added and the 
reaction mixture was stirred for 30 min at room temperature. The organic material was 
concentrated under reduced pressure and the yellow oily residue was rinsed three times 
with 60 mL portions of diethyl ether. The ethereal solution was washed with 50 mL of 
water and 50 mL of brine, dried over Na2SO4, and concentrated under reduced pressure. 
Purification of the oily residue by MPLC (5/95: EtOAc/hexanes to 25/75: EtOAc/hexanes) 
resulted in 2.30 g (72%) of alcohol 15 as a white solid (Rf = 0.39 in 20/80: EtOAc/hexanes, 
m.p. 96 – 98 ˚C) . 1H NMR (500 MHz, CDCl3) δ 7.43 – 7.37 (m, 3H), 7.32 - 7.29 (m, 2H), 
5.57 (d, J = 1.2 Hz, 1H), 4.82 (d, J = 9.8 Hz, 1H), 4.60 (dd, J = 1.9, 4.0 Hz, 1H), 4.56 (d, J 
= 10.1 Hz, 1H), 4.49 (m, 1H), 4.46 (ddd, J = 1.9, 3.7, 3.7 Hz, 1H), 4.23 (dd, J = 1.8, 3.4 
Hz, 1H), 4.11 (m, 1H), 3.38 (d, J = 9.8 Hz, 1H), 0.980 (s, 9H), 0.194 (s, 3H), 0.181 (s, 3H). 
13C NMR (125 MHz, CDCl3) δ 134.8, 129.1, 127.9, 124.0 (q, J = 288.9), 102.4, 75.6 (q, J 
= 26.2 Hz), 74.3, 70.6, 68.2, 67.7, 67.6, 61.2, 25.7, 18.2, -4.45, -4.50. 19F NMR (471 MHz, 
CDCl3) δ -73.1. IR (ATR source) 3381, 2956, 2932, 2888, 2860 cm-1. HRMS-ESI: calc for 
C21H29F3NaO6Si
+ (M + Na)+ 485.1583, found 485.1577. 
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1,3-Bis(trifluoromethyl)-3-benzyloxy-5-tert-butyldimethylsilyloxy myo-inositol mono-
orthoformate (16): In a 200 mL round bottomed flask, 2.20 g (4.80 mmol) of 15 was 
dissolved in 80 mL of CH2Cl2 under argon. Dess-Martin periodinane (2.50 g, 5.80 mmol) 
was added and the resulting cloudy solution was stirred at room temperature overnight (~ 
16 hrs). To work up the reaction, 60 mL of CH2Cl2 was removed under reduced pressure 
and 100 mL of diethyl ether and 60 mL of an aqueous solution consisting of 30 mL of 10% 
Na2S2O3 and 30 mL of 5% NaHCO3 were added. This mixture was vigorously stirred until 
the organic layer became clear (~ 15 min). The aqueous layer was extracted with 100 mL 
of diethyl ether and the combined organic material was washed with 30 mL of brine and 
dried over Na2SO4. Concentration of the solution under reduced pressure and purification 
of the resulting residue by MPLC (5/95 EtOAc/hexanes to 25/75 EtOAc/hexanes) afforded 
1.90 g (86%) of the TBS-protected ketone as a white solid. Its IR spectrum showed a band 
at 1771 cm-1 for the ketone and an OH stretch at 3481 cm-1, but it was used without further 
purification in the next step.  
The ketone intermediate (1.90 g, 4.13 mmol) was dissolved in 20 mL of dry THF in a 
100 mL round bottomed flask under argon. Trimethyl(trifluoromethyl)silane (TMSCF3, 
1.22 mL, 1.17 g, 8.26 mmol) was added all at once and the solution was cooled to 0 ˚C. 
Tetrabutylammonium fluoride in THF (1.00 M, 0.040 mL) was syringed into the flask in 
one portion and the reaction mixture was stirred over night while it was allowed to warm 
up to room temperature. To remove the TMS protecting group, the THF was removed 
under reduced pressure and then 30 mL of anhydrous methanol and 3.70 g (27.0 mmol) of 
K2CO3 were added to the flask. After 5 hrs of vigorous stirring at room temperature under 
argon, the methanolic suspension was concentrated under reduced pressure and the solid 
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residue was rinsed twice with 75 mL portions of diethyl ether. The ethereal solution was 
washed with 30 mL portions of water and brine, dried over Na2SO4, and concentrated under 
reduced pressure. Purification of the residue by MPLC (hexanes to 20/80: EtOAc/hexanes) 
resulted in 1.70 g (68% overall) of alcohol 16 as a colorless viscous oil (Rf = 0.34 in 10/90: 
EtOAc/hexanes). 1H NMR (500 MHz, CDCl3) δ 7.42 (m, 3H), 7.30 (m, 2H), 5.62 (d, J = 
1.2 Hz, 1H), 4.86 (dd, J = 1.3, 9.8 Hz, 1H), 4.83 (d, J = 0.6 Hz, 1H), 4.68 (dd, J = 2.2, 4.0 
Hz, 1H), 4.57 (d, J = 9.8 Hz, 1H), 4.55 (dd, J = 2.1, 2.2 Hz, 1H), 4.32 (dd, J = 2.2, 3.4 Hz, 
1H), 4.21 (dd, J = 1.8, 3.7 Hz, 1H), 0.999 (s, 9H), 0.224 (s, 3H), 0.211 (s, 3H). 13C NMR 
(125 MHz, CDCl3) δ 133.8, 129.7, 129.3, 123.7 (q, J = 284 Hz), 123.6 (q, J = 290 Hz), 
102.1, 75.4 (q, J = 26.2 Hz), 72.2, 70.2 (q, J = 28.0 Hz), 70.1, 68.5, 66.0, 61.4, 25.6, 18.1, 
-4.44, -4.49. 19F NMR (282 MHz, CDCl3) δ -72.4, -79.9. IR (ATR source) 3449, 3094, 
3069, 3035, 2955, 2932, 2898, 2860 cm-1. HRMS-ESI: calc for C22H28F6NaO6Si
+ (M + 
Na)+ 553.1457, found 553.1473. 
3,5-Bis(trifluoromethyl)-3,5-dibenzyloxy myo-inositol monoorthoformate (17): Alcohol 
16 (1.60 g, 3.00 mmol) was dissolved in 20 mL of dry DMF in a 100 mL round bottomed 
flask under argon. After cooling to 0 ˚C, 0.240 g (6.00 mmol) of NaH (60% dispersion in 
oil) was slowly added and stirred for 30 min. Benzyl bromide (BnBr, 0.710 mL, 1.03 g, 
6.00 mmol) was syringed into the flask over the course of 1 min and the resulting solution 
was allowed to warm up to room temperature for 2.5 h. To quench the reaction, 60 mL of 
wet diethyl ether was slowly added and the resulting mixture was washed with 20 mL of 
water and 20 mL of brine. The aqueous solution was extracted twice with 40 mL portions 
of diethyl ether/hexanes (1/1) and the combined ethereal solution was dried over Na2SO4, 
concentrated under reduced pressure and purified by MPLC (hexanes to 10/90 
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EtOAc/hexanes). The resulting white solid (Rf = 0.35 in 5/95 EtOAc/hexanes) had a small 
residual amount of BnBr as indicated by 1H NMR, but it was used in the next step without 
further purification.  
The dibenzyloxy myo-inositol monoorthoformate intermediate was dissolved in 30 mL 
of THF in a 100 mL round bottomed flask under an inert argon atmosphere. 
Tetrabutylammonium fluoride in THF (1.00 M, 9.00 mL) was added and this solution was 
stirred for 45 min at room temperature. Removal of the THF under reduced pressure 
afforded a residue that was dissolved in 50 mL of diethyl ether and filtered through a small 
plug of silica gel. The silica was subsequently washed with 100 mL of diethyl ether and 
the combined ethereal solution was concentrated under reduced pressure. Purification of 
the residue by MPLC (5/95: EtOAc/hexanes to 40/60: EtOAc/hexanes) afforded 1.00 g 
(66% overall) of dibenzyl alcohol 17 as a white solid. A small sample was recrystallized 
in hot MeOH with a minimal amount of water for characterization purposes (Rf = 0.26 in 
20/80: EtOAc/hexanes, m.p. = 148 – 151 ˚C). 1H NMR (500 MHz, CDCl3) δ 7.24 – 7.19 
(m, 2H), 7.18 – 7.11 (m, 4H), 6.97 – 6.91 (m, 4H), 5.65 (d, J = 1.2 Hz, 1H), 4.92 (dd, J = 
1.9, 2.1 Hz, 1H), 4.68 (d, J = 10.4 Hz, 2H), 4.55 (dd, J = 1.8, 2.2 Hz, 2H), 4.51 (d, J = 10.1 
Hz, 2H), 4.41 – 4.35 (m, 1H), 3.38 (d, J = 12.8 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 
135.8, 128.3, 127.9, 127.5, 124.5 (q, J = 292 Hz), 102.70, 74.4 (q, J = 25.3 Hz), 70.9, 67.4, 
66.8, 62.1. 19F NMR (471 MHz, CDCl3) δ -71.7. IR (ATR source) 3348, 3092, 3067, 3037, 
2950, 2923, 2907, 2886 cm-1. HRMS-ESI: calc for C23H20F6NaO6
+ (M + Na)+ 529.1062, 
found 529.1060. 
1,3,5-Tris(trifluoromethyl)-3,5-dibenzyloxy scyllo-inositol monoorthoformate (18): 
Alcohol 17 (1.00 g, 2.00 mmol) was dissolved in 30 mL of dry CH2Cl2 in a 250 mL round 
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bottomed flask under argon. Dess-Martin periodinane (1.00 g, 2.40 mmol) was added to 
the flask all at once and the resulting cloudy solution was stirred for 20 h at room 
temperature. It was then diluted with 100 mL of diethyl ether followed by the addition of 
50 mL of an aqueous solution consisting of 25 mL of 10% Na2S2O3 and 25 mL of 5% 
NaHCO3. Vigorous stirring was carried out for ~ 15 min until the organic layer became 
clear and then the aqueous solution was saturated with NaCl and extracted with 50 mL of 
diethyl ether. The combined ethereal solution was dried over Na2SO4, concentrated under 
reduced pressure, and the residue was purified by MPLC (5/95: EtOAc/hexanes to 25/75: 
EtOAc/hexanes) to afford 0.84 g (84%) of the dibenzyloxy ketone as a white solid (Rf = 
0.58 in 20/80: EtOAc/hexanes). Its IR spectrum showed a carbonyl band at 1780 cm-1 and 
this material was used in the next step without further purification.  
The ketone intermediate (0.300 g, 0.600 mmol) was dissolved in 3 mL of dry THF in a 
10 mL round bottomed flask under an inert argon atmosphere. Tri-
methyl(trifluoromethyl)silane (TMSCF3, 96.0 µL, 93.8 mg, 0.660 mmol) was added to the 
flask in one portion at room temperature and after cooling to 0 ˚C, 6.00 µL of a 1.0 M 
TBAF solution in THF was syringed into the flask in one portion. The resulting solution 
was stirred while it was allowed to warm up to room temperature and then it was 
concentrated by removing the THF under reduced pressure. Dilution of the oily residue 
with 2.0 mL of dry THF was followed by the addition of 1.20 mL of a 1.0 M TBAF 
solution. After 1 h of stirring, the reaction mixture was concentrated under reduced pressure 
and the residue was purified by MPLC (hexanes to 10/90: EtOAc/hexanes) to afford 0.120 
g (35%) of alcohol 18 as a white solid. A small sample was recrystallized in hot MeOH 
with a minimal amount of water for characterization purposes (Rf = 0.42 in 4/96: 
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EtOAc/hexanes, m.p. = 112 – 115 ˚C). 1H NMR (500 MHz, CDCl3) δ 7.25 (m, 2H), 7.21 
– 7.16 (m, 4H), 6.89 (m, 4H), 5.69 (s, 1H), 5.61 (q, J = 1.2 Hz, 1H), 5.01 (t, J = 2.2 Hz, 
1H), 4.86 (d, J = 2.2 Hz, 2H), 4.73 (d, J = 9.5 Hz, 2H), 4.68 (d, J = 9.5 Hz, 2H). 13C NMR 
(125 MHz, CDCl3) δ 134.5, 128.7, 128.6, 128.5, 123.9 (q, J = 293 Hz), 123.6 (q, J = 289 
Hz), 101.6, 75.4 (q, J = 25.3 Hz), 70.3 (q, J = 28.0 Hz), 69.0 (q, J = 2.7 Hz), 67.0, 66.3. 19F 
NMR (282 MHz, CDCl3) δ -70.3, -80.1. IR (ATR source) 3435, 3097, 3071, 3042, 2977, 
2913 cm-1. HRMS-ESI: calc for C240H18F9O6
-
 (M - H)
- 573.0965, found 573.0952. 
1,3,5-Tris(trifluoromethyl) scyllo-inositol monoorthoformate (4): Alcohol 18 (0.110 g, 
0.192 mmol) was dissolved in 2.0 mL of THF in a 10 mL round bottomed flask. Palladium 
hydroxide on carbon (20% w/w, 0.037 g) was then added and the flask was placed in a 
hydrogenation reactor, which was evacuated and charged 3 times in succession with 
hydrogen to a pressure of 200 psi. After 15 h of stirring with a magnetic stir bar at room 
temperature, the reaction mixture was vented, diluted with 5 mL of diethyl ether and 
filtered through a small plug of silica gel. Diethyl ether (30 mL) was used to rinse the silica 
gel and the resulting organic solution was concentrated to afford 0.070 g (93%) of triol 4 
as a white solid (m.p. 179 – 181 ˚C) which turned light brown at 170 ˚C. 1H NMR (500 
MHz, CDCl3) δ 5.67 (s, 1H), 5.51 (br s, 3H), 4.73 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 
126.0 (q, J = 286 Hz), 102.0, 71.7 (q, J = 28.0 Hz), 67.9. 19F NMR (471 MHz, CDCl3) δ -
73.9. IR (ATR source) 3365, 3026, 2976 cm-1. HRMS-ESI: calc for C10H6F9O6
- (M - H)- 
393.0026, found 393.0024. 
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Chapter 3: Power of a Remote Hydrogen Bond Donor: Anion Recognition 
and Structural Consequences Revealed by IR Spectroscopy*
3.1. Introduction 
Hydrogen bond networks (HBN) are routinely exploited in nature to enable anion 
transport across non-polar cellular membrane phospholipid bilayers.1-6 One example is the 
ClC chloride ion channel which uses a series of NH and OH hydrogen bond donors to bind 
Cl–.4 HBN are also employed in synthetic anion receptors containing multiple amides, 
(thio)ureas, and aryl and aliphatic hydroxyl substituents.7-13 For example, a flexible polyol 
with seven hydroxyl substituents (i.e., (HOCH2CH2CH(OH)CH2)3COH), was found to 
bind chloride in acetonitrile with a binding constant of 362 M-1.9 The structures of host-
guest complexes and bound catalysts of small systems are most commonly determined by 
X-ray crystallography and gas phase computations whereas NMR studies have been used 
and play a large role in biological studies.14 Both of the former approaches, however, may 
give different representations of the structures in solution. In this report, IR spectroscopy 
is used to determine the geometries of anion-receptor complexes for the first time. The 
binding constants of a series of rigid triols (1(0) - 1(3), Fig. 1) and several monoprotected 
ethers with tetrabutylammonium salts are also reported. The tris(trifluoromethyl) 
derivative 1(3) is found to be the strongest hydroxyl-based chloride receptor to date, and 
has high selectivity for Cl– over interfering anions such as, Br–, NO3
– and NCS–.15 A 
"noninteracting" hydroxyl group is also found to influence the structure of the bound 
                                                 
* Samet, M.; Danesh-Yazdi, M.; Fattahi, A.; Kass, S. R., Power of a Remote Hydrogen Bond Donor: Anion 
Recognition and Structural Consequences Revealed by IR Spectroscopy. J. Org. Chem., 2015, 80, 1130–
1135. Copyright ACS. Reproduced with permission. 
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substrate and has as large or a larger influence on the association constants than two OH 
substituents that form hydrogen bonds to the anionic guest. 
 
Figure 1. Rigid tricyclic locked in all axial 1,3,5-cyclohexanetriol derivatives 1(0) – 1(3) 
and a series of monoprotected ethers.   
3.2. Results and Discussion 
scyllo-Inositol monoorthoformate 1(0) was found to bind chloride ion in acetonitrile 
with an association constant (K) of 540 M-1. To increase this value, one of the equatorial 
hydrogens in 1(0) was replaced by an electron withdrawing CF3 group. The resulting triol 
1(1) has a binding constant of 2800 M-1, which is 5 times larger than for 1(0). It is also ~2 
and 20 times bigger than for catechol (1,2-C6H4(OH)2) and resorcinol (1,3-C6H4(OH)2), 
respectively.16 Sequential incorporation of a second and third trifluoromethyl group into 
1(0) leads to further enhancements of more than three orders of magnitude relative to the 
unsubstituted triol (Table 1).17 The association constant for 1(3) is also 10 and 130 times 
bigger than for 2 and 3 (Fig. 2), respectively.10,11 It is also the largest value reported to date 
for a non-charged alcohol even though it is an aliphatic alcohol rather than a phenol; the 
latter species are inherently more acidic and typically have high anion affinities. 
 
53 
 
 
Figure 2. Triarylbenzene 2 and the tripodal hydroxyl-based anion receptor 3.  
Table 1. Measured binding constants and selectivities for 1(0) - 1(3). 
iona,b K (M-1)c 
 1(0) 1(1) 1(2) 1(3) 
Cl– 540 2800 1.2 x 104 1.1 x 106 
Br– 94 190 860 3300 
I–   27 110 
NO3–  68 120 970 
NCS–    270 
Cl–/Br– 5.8 15 14 340 
Cl–/I–   430 1.0 x 104 
Cl–/NO3–  42 98 1100 
Cl–/NCS–    4200 
 
aTetrabutylammonium salts were used in all cases. bFor HSO4– K was too small to measure with 1(3). 
cEstimated errors are ~20% except for 1(3) with Cl– which is less certain since NMR determinations are 
less reliable when K ≥ 105 M–1 (ref. 17).  
Anion recognition and selective binding plays a critical role in the development of 
synthetic ion transporters and sensors.15,18 Triol 1(3) is a preorganized receptor and was 
found to selectively bind Cl– over common interfering anions such as Br–, NO3
– and NCS–
. Interestingly, the selectivity order follows the gas–phase acidities of the conjugate acids 
and not the Hofmeister series (i.e., Cl– > NO3
– > Br– > I– > SCN–).19 That is, ΔG˚acid HCl 
(328.1 ± 0.1) < HBr (318.3 ± 0.2) < HNO3 (317.8 ± 0.2) < HNCS (≤ 317.6 ± 1.4) < HI 
(309.3 ± 0.1) < H2SO4 (302.3 ± 5.5 kcal mol
-1) where HCl is the least acidic of these acids 
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and H2SO4 is the strongest one.
20 Sterics, electrostatics and the size of the binding cavity 
must play a role too in the observed selectivities and the magnitudes of the binding 
constants. 
One would expect the chloride anion complexes of triols 1(0) - 1(3) to adopt structures 
with three direct (i.e., primary) OH•••Cl– interactions because hydrogen bonds to anionic 
centers are known to be very stabilizing,21 and this is the reported bonding motif for 2 and 
3.10,11 Gas phase B3LYP/6-31+G(d,p) computations were carried out on all four triols and 
their bound cluster anions, and structures with 1-3 OH•••Cl– interactions were located in 
all four cases (Fig. 3 and appendix for chapter 3). Surprisingly, the most stable conformers 
were found to have two primary hydrogen bonds and one bifurcated secondary interaction 
(a and b). The less stable structures (c and d) suffer from electron - electron repulsion due 
to the overlap of the lone pairs of electrons on the oxygen and fluorine atoms whereas this 
effect is mitigated by the secondary hydrogen bond in a and b. The least stable species (d) 
also has distorted C–O–H bond angles to accommodate the three OH•••Cl– interactions. As 
for the small differences in the stability between a and b, this may appear to be surprising 
since one would expect the OH on the carbon bearing the CF3 group to be the most acidic 
site and the better hydrogen bond donor. In a this substituent also serves as a hydrogen 
bond acceptor but the CF3 group diminishes its capability in this regard.   
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Figure 3. DFT geometries of 1(1) • Cl– where the bridgehead and apical hydrogens are 
removed for clarity; parenthetical values are relative energies in kcal mol-1, O–H distances 
are < 1.00 Å unless specified and d has CS symmetry. 
In b this OH substituent does not directly interact with the chloride anion but it only 
functions as a hydrogen bond donor. As a result, there is little preference as to which two 
OH groups are used to hydrogen bond to Cl–. 
To experimentally probe the structures of the anion - receptor complexes, 10 mM 
solutions of 1(1), 1(3) and their tetra-n-butylammonium chloride (TBACl) complexes were 
studied in 10 : 90 CD3CN/CCl4 mixtures by IR spectroscopy.
22,23 The spectra for both 
compounds are similar, so only the results for triol 1(1) are discussed and the data for 1(3) 
is given in the supporting information (Figure S5 and Table S5). A strong broad OH band 
at 3436 cm-1 and four weak C–H  
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Figure 4. Experimental (solid line) and B3LYP/6-31+G(d,p) calculated (dashed line) IR 
spectra of 1(1). Computed frequencies are scaled by 0.945 and the simulated spectrum was 
obtained using Lorentzian functions with peak widths at half height ranging from 10-100 
cm-1. 
absorptions at 3029, 2970, 2930 and 2856 cm-1 are observed for 1(1) (Fig. 4). The former 
feature is ~178 cm-1 lower than the free OH stretch of cis-cyclohexane-1,3-diol in CCl4
24 
due, at least in large part, to the hydrogen bond accepting ability of the acetonitrile co-
solvent.25 Gas phase B3LYP/6-31+G(d,p) computations reproduce the experimental 
spectrum nevertheless, and the predicted bands at 3492, 3024, 2945, and 2915 cm-1 are 
within 5 to 59 cm-1 of the observed frequencies. 
Upon the addition of 1 equivalent of TBACl to 1(1) two new OH stretching bands 
appeared at 3513 and 3217 cm-1 (Fig. 5). The former feature is due to a relatively free 
hydroxyl group with a weak hydrogen bond whereas the large 219 cm-1 red shift for the 
latter band is the result of strong OH•••Cl– interactions. A new weak C–H stretch is also 
observed below 2900 cm-1 at 2882 cm-1 in addition to four little changed bands at 3028, 
2973, 2934 and 2853 cm-1. These results suggest that the major structure of 1(1) • Cl– has 
two OH•••Cl– hydrogen bonds and a weak OH•••X one, where X = OH or NCCD3. The 
alternative structures with 1 and 3 primary 
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Figure 5. Experimental (solid line) and B3LYP/6-31+G(d,p) computed (dashed lines) IR 
spectra of 1(1) • Cl–. Computed spectra are for conformers with 1-3 primary hydrogen 
bonds (HB) to Cl– as indicated. 
 
interactions are inconsistent with the experimental data. That is, the red shift for the O–H 
stretch of the former species should be much larger (e.g., it is 672 cm-1 for (CF3)3COH • 
Cl–) and the latter conformer has no weakly bound OH groups. Proton transfer also can be 
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ruled out since Cl– is a weak base, the H–Cl stretch appears at 2833 cm–1 in CCl426 and its 
hydrogen bonded complex should be located at even lower frequency. 
Computed B3LYP/6-31+G(d,p) IR spectra for the different conformers of 1(1) • Cl– are 
distinct and the one with two primary hydrogen bonds is in good accord with experiment 
as expected (Fig. 5).27 The red shift for the structure with 1 HB is too large and the species 
with 3 HB does not have a free OH band. An expansion of the low frequency C–H 
stretching region due to the equatorial methine hydrogens is also diagnostic when the 
spectrum is recorded in 30% CD3CN/70% CCl4 with Ph4PCl, and is in accord with the two 
OH•••Cl– structure (Figs. S7-S8). Energetically this species is predicted to be the most 
stable as well in that the enthalpies at 298 K for the 1-3 hydrogen bond structures are 2.4, 
0.0, and 7.2 kcal mol-1, respectively. 
These results suggest that the third hydroxyl group in 1(0) - 1(3) maybe relatively 
unimportant with respect to anion binding and the resulting structure of the bound complex. 
To address this issue, several monoprotected ethers were prepared and examined. The 
association constants for the two methyl ethers of 1(1) (i.e., 1Me(1) and 1Me(1)) in 
CD3CN upon adding TBACl were both found to be 210 M
–1. These values correspond to 
an ~15 fold reduction in the binding constants relative to 1(1) which indicates that the third 
hydroxyl group is worth at least as much as one of the other two even though it does not 
directly interact with the chloride anion. An even larger reduction of 130 fold was found 
for the benzyl ether of 1(2) (i.e., 1Bn(2)) in that K = 90 M–1. Sterics may play a minor role 
in the diminishment of this association constant, but are unlikely to be of major significance 
since there is essentially no difference in K for 1Me(1) and 1Bn(1) which are 210 and 170 
M–1, respectively. This indicates that the remote hydroxyl substituent in 1(2) has a bigger 
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effect on the binding constant than the two OH substituents that hydrogen bond directly to 
the chloride anion in the bound complex. This finding is in keeping with a similar 
observation based upon gas phase photoelectron spectra and computations,28 and has 
obvious implications in biological processes such as binding, catalysis, protein folding, etc. 
IR spectra of 1Bn(1), 1Bn(2) and their TBACl complexes in carbon tetrachloride were 
recorded to investigate the structures of the bound monoprotected triols (Fig. 6 and S9). 
Due to the enhanced solubility of these compounds in CCl4, CD3CN was not needed or 
used as a cosolvent.  
 
 
Figure 6. Experimental (solid lines) IR spectra of 1Bn(1) (bottom) and 1Bn(1) • Cl‾ (top) 
and B3LYP/6-31+G(d,p) predictions of the corresponding methyl ethers (dashed lines).  
A strong red shifted OH absorption at ≤ 3000 cm–1and a weak OH stretch at ~3430 cm–1 
were observed in both of the bound complexes. The latter features are due to relatively free 
hydroxyl groups that are slightly red shifted (i.e., < 100 cm–1) due to intramolecular O–
H•••O interactions, and they indicate that the bound receptors adopt structures with only 
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one hydrogen bond to the chloride anion (Fig. 7). This structural change in the two diols 
relative to their unprotected triols is in accord with computations. That is, B3LYP/6-
31+G(d,p) energies of the corresponding methyl ethers favor the structures with one rather 
than two hydrogen bonds to Cl– by 5.2 (1Me(1)) and 1.5 (1Me(2)) kcal mol–1.29  
 
Figure 7. B3LYP/6-31+G(d,p) geometries of 1Me(1) • Cl– as models for the benzyl ether; 
bridgehead and apical hydrogens are removed for clarity and parenthetical values are 
relative energies in kcal mol-1. 
The predicted IR spectra of these species are also in line with this finding, and so the 
absence of a hydroxyl group that does not directly interact with Cl– in the bound complexes 
can nevertheless alter the structures of the bound receptors. 
3.3. Conclusions 
IR spectroscopy was used to determine the structures of small chloride anion–receptor 
complexes and their geometries were found to employ one less hydrogen bond to the ion 
than was available in the triol (i.e., two rather than three). Protection as an ether of one of 
the three hydroxyl groups was found, nevertheless, to have as large an effect as one or both 
of the remaining OH substituents on the chloride anion association constants. It also altered 
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the structures of the bound complexes by eliminating one of the OH•••Cl– hydrogen bonds. 
These results are accounted for by the presence (or absence) of secondary OH•••OH 
hydrogen bond interactions which enable a remote hydroxyl group to play a large structural 
and energetic role in binding. This has readily apparent implications in numerous biological 
processes as well as site-directed mutagenesis studies. It is worth noting too that triol 1(3) 
is found to be a strong and selective binder of Cl– in a polar environment. 
3.4. Experimental Section 
3.4.1. General  
Triols 1(0) – 1(3) were synthesized as previously reported.28 Acetonitrile-d3 was stored 
over activated 3 Å molecular sieves for several days, tetrabutylammonium chloride and 
tetraphenylphosphonium chloride (Ph4PCl) were stored in a desiccator containing 
phosphorous pentoxide and Dess-Martin periodinane (DMP) was prepared according to 
previously reported procedures.30 Glassware, vials, NMR tubes and microsyringes were 
dried in ovens and allowed to cool under a stream of dry nitrogen or argon. THF was dried 
by refluxing it over sodium metal under an argon atmosphere using benzophenone as an 
indicator and subsequently was distilled. Hydrogenation reactions were carried out in a 600 
mL stainless steel reactor. TLC analyses were performed on precoated (250 mm) silica gel 
60 Å pore size F-254 plates and were visualized by staining with KMnO4 or a hand-held 
UV lamp. Medium pressure liquid chromatography (MPLC) was carried out with a 
commercial instrument in which the samples were dissolved in a minimal amount of 
CH2Cl2 and syringed on to a silica gel (Premium Rf Silica Gel, 60A, 40-75µm) column. 
Reported melting points (m.p.) are uncorrected. Proton, 13C, and 19F NMR spectra were 
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obtained with 300 and 500 MHz spectrometers, and the chemical shifts are reported in ppm 
and were referenced to the residual solvent as follows: CHCl3 = 7.27 δ (1H), 77.0 δ (13C); 
CHD2CN = 1.94 δ (1H), 1.39 δ (13C). For the 19F spectra, CF3CO2H was used as an external 
calibrant and assigned a value of -78.5 δ. IR spectra of neat samples were recorded with an 
ATR source while the solution studies are described below. ESI-TOF mass spectra were 
obtained using methanolic solutions and PEG was employed as an internal standard for 
acquiring high resolution data. 
3.4.2. Synthetic Procedures for Compounds 1Me(1), 1Bn(1), and 1Me(1)  
1-Trifluoromethyl-1-methoxy scyllo-inositol monoorthoformate (1Me(1)). 1-
Trifluoro-methyl-3,5-dibenzyloxy scyllo-inositol monoorthoformate28 (0.850 g, 1.90 
mmol) was dissolved in 20 mL of dry THF in a 100 mL round bottomed flask under argon. 
This solution was stirred and cooled down to 0 ˚C, and 0.150 g (3.80 mmol) of a 60% 
dispersion of NaH in mineral oil was added in several portions. After 30 min, CH3I (1.06 
mL, 2.42 g, 17.1 mmol) was slowly syringed into the flask and the reaction mixture was 
allowed to warm up to room temperature overnight. It was quenched by careful addition of 
10 mL of a saturated aqueous solution of NH4Cl and the organic layer was separated. Two 
20 mL portions of diethyl ether were used to extract the aqueous phase and the combined 
organic material was washed with 10 mL of brine. The resulting solution was dried over 
Na2SO4 and concentrated under reduced pressure to afford an oily residue that was purified 
by MPLC (2/98 to 35/65 EtOAc/hexanes) to give 0.300 g (35%) of 1-trifluoromethyl-1-
methoxy-3,5-dibenzyloxy scyllo-inositol monoorthoformate as a white gummy compound 
(Rf = 0.45 in 14/86 EtOAc/hexanes). Its 
19F NMR showed a new signal at -74.1 ppm and a 
small residual absorption at -82.0 for the starting material, but an OH stretch was not 
63 
 
observed in its IR spectrum. This intermediate compound was consequently taken on 
without further purification. 
1-Trifluoromethyl-1-methoxy-3,5-dibenzyloxy scyllo-inositol monoorthoformate 
(0.200 g, 0.442 mmol) was dissolved in 6.0 mL of dry THF in a 25 mL round bottomed 
flask. Pearlman’s catalyst (20% Pd(OH)2/C, 0.0667 g) was added and the flask was placed 
in a hydrogenation apparatus where it was magnetically stirred. The reactor was evacuated 
and then filled with hydrogen to a pressure of 250 psi three times in succession followed 
by a 24 h reaction period. Diethyl ether (10 mL) was added to the reaction flask after 
venting the system and the resulting solution was filtered through a small plug of silica gel 
which was subsequently rinsed with 20 mL of diethyl ether. The combined organic material 
was concentrated under reduced pressure to afford an oily residue and purification by 
MPLC (10/90 EtOAc/hexanes to neat EtOAc) gave 0.115 g (96 %) of 1Me(1) as a white 
solid (Rf = 0.19 in 1/1 EtOAc/hexanes, m.p. = 167 – 170 ˚C) that turned light brown at 165 
˚C. 1H NMR (500 MHz, CD3CN) δ 5.50 (s, 1H), 4.62 (m, 2H), 4.49 – 4.41 (m, 2H), 4.21 
(m, 1H), 4.00 (d, J = 8.8 Hz, 2H), 3.46 (q, J = 2.0 Hz, 3H). 13C NMR (125 MHz, CD3CN) 
δ 125.8 (q, J = 291 Hz), 102.7, 74.5 (q, J = 25.3 Hz), 71.9, 69.3, 68.4, 54.7 (q, J = 1.8 Hz).  
19F (282 MHz, CD3CN) δ -73.5. IR (ATR source) 3494, 3370, 3029, 3011, 2993, 2961, 
2920, 2855 cm-1. HRMS-ESI: calc for C9H10F3O6‾ (M – H)‾ 271.0435, found 271.0426. 
1-Trifluoromethyl-3-benzyloxy scyllo-inositol monoorthoformate (1Bn(1)). 5-
Trifluoromethyl-5-trimethylsilyloxy-3-benzyloxy scyllo-inositol monoorthoformate28 
(1.00 g, 2.38 mmol) was dissolved in 10 mL of dry THF and stirred in a round bottomed 
flask under argon. A 1.0 M TBAF solution in THF (7.2 mL) was added in one portion and 
after 45 min the resulting light brown mixture was concentrated under reduced pressure. 
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The resulting material was diluted with 50 mL of diethyl ether and passed through a plug 
of silica gel which was subsequently rinsed with 100 mL of diethyl ether. Concentration of 
the combined solutions under reduced pressure and purification by MPLC (1/9 
EtOAc/hexanes to neat EtOAc) afforded 0.790 g (96%) of 1Bn(1) as a white solid (Rf = 
0.38 in 1/1 EtOAc/hexanes, m.p. = 115 – 117 ˚C). 1H NMR (500 MHz, CDCl3) δ 7.42 – 
7.31 (m, 5H), 5.52 (s, 1H), 4.76 (d, J = 11.3 Hz, 1H), 4.69 (d, J = 11.3 Hz, 1H), 4.63 (m, 
1H), 4.56 (s, 1H), 4.51 (m, 4H), 3.27 (d, J = 8.3 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 
135.8, 128.9, 128.8, 128.2, 123.9 (q, J = 284.4 Hz), 101.8, 73.7, 72.6, 69.6 (q, J = 28.9 Hz), 
68.9, 68.5, 67.9, 67.0. 19F NMR (471 MHz, CDCl3) δ -82.2. IR (ATR source) 3434, 3329, 
3096, 3068, 3029, 2975, 2943, 2880 cm-1. HRMS-ESI: calc for C15H14F3O6‾ (M – H)‾ 
347.0748, found 347.0774. 
1-Trifluoromethyl-5-methoxy scyllo-inositol monoorthoformate (1Me(1)). 3-
Benzyloxy-5-methoxy myo-inositol monoorthoformate31 (0.89 g, 3.02 mmol) was 
dissolved in 25 mL of dry CH2Cl2 in a 100 mL round bottomed flask under argon. Dess-
Martin periodinane (1.54 g, 3.60 mmol) was added and the reaction mixture was stirred 
overnight. Removal of the solvent afforded a residue that was diluted with 30 mL of diethyl 
ether and an equal volume of an aqueous solution consisting of 10% Na2S2O3 (15 mL) and 
5% NaHCO3 (15 mL). The resulting slurry was vigorously stirred for 15 min and then the 
organic layer was separated, dried over Na2SO4, and concentrated under vacuum to afford 
0.84 g (95%) of a viscous yellow oil. This oxidation product showed carbonyl and OH 
bands in its IR spectrum at 1763 cm-1 and 3464 cm-1, respectively and was carried on 
without further purification. 
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A 25 mL round bottomed flask was filled with 0.84 g (2.87 mmol) of the crude ketone, 
2.55 mL (2.45 g, 17.2 mmol) of TMSCF3 and 10 mL of anhydrous THF under an argon 
atmosphere at 0 ˚C. A 1.0 M tetrabutylammonium fluoride solution in THF (0.10 mL) was 
slowly added with stirring and the resulting mixture was allowed to warm up to room 
temperature overnight. Concentration of this material under reduced pressure afforded an 
oily residue that was diluted with 10 mL of dry THF. More TBAF (2.90 mL) was added 
and the resulting solution was stirred for 1 h. Evaporation of the volatile materials under 
reduced pressure afforded a residue that was purified by MPLC (1/19 to 1/1 
EtOAc/hexanes) to give 0.10 g (10%) of the desired trifluoromethyl–substituted alcohol as 
a light yellow oil (Rf = 0.35 in 1/3 EtOAc/hexanes). 
1H NMR (500 MHz, CDCl3) δ 7.35 
(m, 5H), 5.53 (s, 1H), 5.31 (s, 1H), 4.71 (d, J = 11.3 Hz, 1H), 4.68 (d, J = 11.3 Hz, 1H), 
4.59 (m, 2H), 4.55 (m, 1H), 4.47 (m, 1H), 4.31 (m, 1H), 3.51 (s, 3H). 19F NMR (282 MHz, 
CDCl3) δ -81.9. IR (ATR) 3435 cm-1 (broad OH band). 
The alcohol intermediate (0.10 g, 0.28 mmol) was dissolved in 2 mL of THF in a 10 mL 
round bottomed flask. Pearlman’s catalyst (33 mg) was added to the reaction mixture and 
the flask was placed in a Parr hydrogenation apparatus where it was evacuated and filled 
with hydrogen to a pressure of 500 psi three times in succession. After 24 h the system was 
vented, 5 mL of diethyl ether was added, and the resulting solution was filtered through a 
small plug of silica gel which was subsequently rinsed with 10 mL of diethyl ether. 
Concentration of the combined organic material under reduced pressure gave a light yellow 
solid which was partially dissolved in hot CHCl3 and allowed to cool down to give 60 mg 
(79%) of 1Me(1) as a white solid (m.p. = 88 – 91 ˚C). 1H NMR (500 MHz, CD3CN) δ 5.51 
(s, 1H), 5.26 (s, 1H), 4.55 (m, 2H), 4.47 (m, 1H), 4.38 (m, 1H), 4.26 (m, 1H), 4.16 (d, J = 
66 
 
6.1 Hz, 1H), 3.46 (s, 3H). 13C NMR (125 MHz, CD3CN) δ 125.6 (q, J = 284 Hz), 102.7, 
76.74, 76.73, 70.6 (q, J = 27.1 Hz), 69.7, 68.2, 68.1, 58.2. 19F (471 MHz, CD3CN) δ -81.2. 
IR (ATR source) 3288, 3062, 3000, 2967, 2947, 2914, 2849 cm-1. HRMS-ESI: calc for 
C9H10F3O6‾ (M – H)‾ 271.0435, found 271.0444. 
3.4.3. Binding Measurements 
Anion affinities were measured in acetonitrile-d3 at constant and non-aggregating 
concentrations of 1(1) – 1(3) (i.e., < 0.60 mM). These host solutions were titrated with a 
mixture of the TBAX salt and the alcohol of interest in oven dried NMR tubes, and changes 
in the equatorial methine hydrogens chemical shifts were followed except for 1(3) where 
the bridgehead hydrogen was monitored. Non-linear 1:1 fits of the data with the Solver 
add-on for Excel were carried out to obtain the binding constants (K (M–1)).32 
Representative tetrabutylammonium chloride titration results and binding isotherms for 
1(0) – 1(3) are provided in Tables S1–S4 and Figures S1–S4. 
3.4.4. IR Studies 
Background corrected IR spectra of receptor solutions and their 1:1 TBACl complexes 
were recorded in NaCl cells with 0.10 and 1.0 mm fixed path lengths. Compounds 1Bn(1) 
(4.8 mM) and 1Bn(2) (6.0 mM) were examined in CCl4, whereas 10 mM 10% CD3CN/90% 
CCl4 solutions were used for 1(1) and 1(3). Computed B3LYP/6-31+G(d,p) frequencies 
were fit with Lorentzian functions and the resulting intensities at each wavelength n in the 
spectral window are given by I(n) = aIo/(1 + {(n – bno)2/2S2}), where a, b, no, Io and S are 
the intensity correction parameter, frequency scaling factor, computed frequency and 
intensity, and peak width at half height, respectively. To minimize the average least squares 
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error for the summation of the fitted curves to the experimental spectrum, a wide range of 
feasible values for the peak widths spanning from 10 – 100 cm–1 were examined by a Monte 
Carlo approach to find the optimum value using MATLAB. Different scaling factors were 
also examined, and a value of 0.945 was adopted in this work.  
3.4.5. Computations 
Full geometry optimizations and subsequent vibrational frequency determinations were 
carried out at the Minnesota Supercomputer Institute for Advanced Computational 
Research with Gaussian 09.33 The Becke three-parameter hybrid exchange and 
Lee−Yang−Parr correlation density functional (B3LYP) was used in conjunction with the 
6-31+G(d,p) basis set.34,35 Zero-point energies (zpe) and thermal corrections to the 298 K 
enthalpies (tc) were obtained from unscaled vibrational frequencies. The resulting 
geometries and energies are given in ref. 16 or are provided in Table S6. 
 
 
 
 
68 
 
Chapter 4: Stereoelectronic Effects: A Simple yet Powerful Tool to 
Manipulate Anion Affinity* 
4.1. Introduction 
Anion recognition is critical in a number of biological processes such as enzyme 
catalysis1,2 and anion transport through cellular phospholipid bilayers.3-7 Drawing 
inspiration from these pathways, chemists have mimicked nature to develop anion 
transporters,8-11 metal-free catalysts,12-15 and sensors.16,17 A variety of strategies have been 
employed in designing ion receptors that make use of hydrogen bond networks,15,18-20 
electrostatic effects21 and inductive stabilization.22-26 Stereoelectronic effects are largely 
unexplored,20,27,28 however, even though they play an important role in many enzymatic 
transformations (e.g., serine proteases, lysozyme, and [NiFe]-hydrogenases).29-32  
The orientation of substituents that directly interact with an anion can have a large 
impact on the binding constant of a host compound.20,27,33 For instance, syn-triphenol 1s 
(Fig. 1) uses all three hydroxyl groups to interact with chloride anion and the resulting 
association constant with tetrabutylammonium chloride (TBACl) in acetonitrile-d3 is 1.3 x 
105 M–1. In contrast, the anti-rotamer 1a can only make use of two hydrogen bonds in the 
1:1 complex with TBACl, and its binding constant of 240 M–1 corresponds to a reduction 
of a little more than 500 fold.20 The effect of the spatial arrangement of a non-interacting 
group is little studied but Kondo, Kobayashi, and Unno reported on the two anomers of a 
                                                 
* Samet, M.; Fattahi, A.; Kass, S. R., Stereoelectronic Eeffects: A Simple yet Powerful Tool to Manipulate 
Anion Affinity. Org. Biomol. Chem., 2015, 13, 2170-2176. Copyright RSC. Reproduced with permission. 
 
69 
 
D-ribose derivative (2).28 As one might expect, small K2/K2 ratios were observed for a 
variety of anion salts in polar (CD3CN) and nonpolar (CDCl3) solvents. These values varied 
from 5 – 34, but a larger difference of 130 was obtained in the latter noncompetitive solvent 
with tetrabutylammonium dihydrogen phosphate.   
 
Figure 1. Syn- and anti-isomers of triphenol 1 and anomers of a D-ribose derivative.  
scyllo-Inositol derivatives (3, Fig. 2) can serve as BrØnsted and hydrogen bond catalysts 
and anion recognition reagents.34,35 These triols bind TBACl with good affinity and 
selectivity even though only two of the three hydroxyl groups interact directly with the 
chloride ion.  
 
Figure 2. scyllo- and myo-Inositol structures used previously (3 and 4) and in this work 
(5). 
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The remaining OH substituent also serves as a hydrogen bond donor but it forms a 
bifurcated hydrogen bond with the oxygen atoms of the other two hydroxyl groups. This 
remote hydrogen bond plays a significant role in the molecular recognition properties of 
these compounds. For example, the 1:1 binding equilibrium constant of 3(2) and TBACl 
in CD3CN is 12,000 M
–1 but drops to 90 M–1 in 4(2) due to the conversion of the remote 
hydroxyl group to a benzyl ether. Steric effects seem to play a small role indicating that 
the hydrogen bond due to the distal OH substituent is energetically as important as the two 
OH•••Cl– hydrogen bonds. To assess this further and examine the stereoelectronic 
consequences of the remote substituent, diols 5(1) and 5(2) with equatorial ether groups 
were synthesized, their TBACl association constants are reported, and the structures of the 
bound complexes in solution are characterized by IR spectroscopy and accompanied by 
DFT computations. 
4.2. Results and Discussion 
Diols 5(1) and 5(2) with an equatorial methoxy substituent and one or two 
trifluoromethyl groups were synthesized from previously prepared starting materials as 
illustrated in Schemes 1 and 2. Their binding isotherms with TBACl were obtained by 
monitoring the C3 and C5 axial and equatorial hydrogen signals for 5(1) and the C2 and 
C5 axial and equatorial resonances for 5(2) in their 1H NMR spectra (Fig. S1). Non-linear 
1:1 fits of the data afforded K5(1) = 890 M–1 and K5(2) = 29,000 M–1. The former value is ~4 
times larger than the axial ether 4(1) and ~3 times smaller than the corresponding triol 
3(1).34 
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Scheme 1. Synthetic route for the preparation of 5(1). 
 
 
Scheme 2. Synthetic route for the preparation of 5(2). 
On the other hand, the association constant for alcohol 5(2) is between two and three orders 
of magnitude larger than for 4(2) and is even bigger than that for triol 3(2) even though the 
latter compound has an additional hydrogen bond donating substituent. To probe these 
results further, the structures of the TBACl complexes of 5(1) and 5(2) were characterized 
by IR spectroscopy and DFT computations. 
Dilute 1:9 CD3CN/CCl4 solutions of diols 5(1) and 5(2) were prepared and the 
background corrected IR spectrum of 5(1) is illustrated in Fig. 3 (top); acetontrile-d3 was 
used for solubility purposes. A strong and broad OH absorption at 3370 cm-1 along with a 
shoulder at 3510 cm-1 are observed in addition to four weak CH bands at 3032, 2976, 2934 
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and 2825 cm-1. The former red-shifted OH stretch is ~250 cm-1 smaller than that for the 
free OH band in cis-cyclohexane-1,3-diol36 mostly due to the interaction with CD3CN 
whereas an ~100 cm–1 reduction is observed for the weaker intramolecular OH•••OH 
hydrogen bond.37,38 Gas phase B3LYP/6-31+G(d,p) computations reproduce the 
experimental spectrum except for the position of hydroxyl group at 3370 cm-1 undoubtedly 
because of the OH•••NCCD3 interaction which is not accounted for in the calculation. 
 
Figure 3. Experimental (solid line) and calculated B3LYP/6-31+G(d,p) (dotted line) IR 
spectra of 5(1) (top) and 5(1) • Cl‾ (bottom).  
Upon addition of 1 equivalent of TBACl to 5(1), two new broad OH bands at 3285 and 
2960 cm-1 appear in the IR spectrum (Fig. 3, bottom). The former frequency is due to a 
weak hydrogen bond (i.e., a OH•••X interaction, where X = OH or NCCD3) whereas the 
latter absorption into the CH region of the spectrum arises from a stronger OH•••Cl‾ 
hydrogen bond. These features indicate that the major structure adopted by 5(1) • Cl‾ only 
uses one hydroxyl group to interact with the chloride anion and that alternative species 
with two OH•••Cl– hydrogen bonds are inconsistent with the experimental data. 
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Computations are in accord with this assignment in that the most stable structure of the 
bound complex has both OH•••Cl‾ and OH•••OH hydrogen bonds (Fig. 4). Its predicted IR 
spectrum is also in excellent accord with the observed one (Fig. 3, bottom).39 A slightly 
higher energy conformer (1.0 kcal mol–1) with two OH•••Cl‾ interactions was located, but 
it only has one OH band at 3255 cm–1 (Fig. S2) and gives a poor fit to the experimental 
data.40  
 
Figure 4. Computed B3LYP/6-31+G(d,p) structures for 5(1) • Cl‾ and their relative 
enthalpies in parentheses at 298 K in kcal mol–1. 
A similar IR spectrum was obtained for 5(2), but its two hydroxyl groups at 3427 and 
3226 cm-1 are better resolved and appear at lower frequencies than in 5(1) because of the 
presence of two trifluoromethyl groups which undoubtedly enhance its acidity (Fig. 5, top). 
Four resolved C–H bands are observed at 3039, 2983, 2935, and 2833 cm-1 which are on 
average 6 cm–1 higher in frequency than in 5(1). 
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Figure 5. Experimental (solid line) and computed B3LYP/6-31+G(d,p) (dotted line) IR 
spectra of 5(2) (top) and 5(2) • Cl‾ (bottom). 
 
This spectrum is well modeled by B3LYP/6-31+G(d,p) calculations except for the O–H 
stretch at 3370 cm-1 which is red-shifted due to its interaction with acetonitrile just as was 
the case for 5(1). 
Addition of 1 equivalent of TBACl to 5(2) affords a single broad OH absorption at 3160 
cm-1 (Fig. 5, bottom). A second feature corresponding to a weakly hydrogen bonded 
hydroxyl group is not observed which indicates that both hydroxyl groups directly interact 
with chloride anion at least in the main structure. Computations on the structure with two 
OH•••Cl‾ hydrogen bonds reproduce the experimental spectrum but this conformer is 
predicted to be 0.4 kcal mol–1 less stable than when there is one such interaction (Fig. 6). 
The computed spectrum for the latter structure, however, is a poor match of the observed 
one (Fig. S3). It is also predicted to be destabilized in acetonitrile, and B3LYP/6-31+G(d,p) 
calculations with the conductor-like polarized continuum model (CPCM) indicate that 
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there is an energetic reversal leading to a 0.5 kcal mol–1 preference for the structure with 
two OH•••Cl‾ hydrogen bonds. 
 
Figure 6. Computed B3LYP/6-31+G(d,p) structures for 5(2) • Cl‾ and their relative gas- 
and liquid-phase (CH3CN) enthalpies at 298 K in kcal mol
–1; the latter value is given in 
parentheses. 
Both the experimental and computational results above indicate that structures with one 
and two OH•••Cl‾ hydrogen bonds can be adopted, and that there is little energetic 
difference between them. A small stereoelectronic effect is observed for 5(1) and 4(1) (i.e., 
K5(1)/K4(1) = 4) whereas the presence of a second trifluoromethyl group undoubtedly 
enhances the acidity, and leads to a larger binding constant and a much bigger epimeric 
ratio (i.e., K5(2)/K4(2) = 320). This latter stereoelectronic effect involves the comparison of 
an equatorial methoxy group and an axial benzyloxy substituent, but the steric difference 
presumably is of minor importance. This assumption is based on the orientation of the 
benzyl group being away from the hydroxyl substituents, and the observation that the 
binding constants for the methyl ether 4(1) and its benzyl ether analog are essentially the 
same (i.e., 210 and 170 M–1, respectively).34 A plausible explanation for this large 
stereoelectronic effect is that the C ̶ OMe bond dipole is in a favorable orientation in the 
bound complex when the ether is in the equatorial position.41 An attractive bifurcated C–
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H interaction with the two hydroxyl groups is also present in the computed structure of the 
bound complex. More specifically, the axial methine hydrogen on the carbon bearing the 
equatorial methoxy group of 5(2) is predicted on average to move 0.103 to 0.109 Å closer 
to the oxygen atoms of the hydroxyl groups upon binding chloride anion. Since these C–
H•••OH distances decrease from 2.530 and 2.539 Å to 2.421 and 2.436 Å, the association 
of Cl– can be viewed as inducing a weak C–H•••OH hydrogen bond. This suggestion is 
supported by the large observed down field shift of the axial hydrogen upon addition of 1 
equivalent of TBACl (Δδ = 0.30 ppm). Taken together, the favorable bond dipole 
orientation and the C–H•••OH interaction are energetically more important than the 
OH•••OH hydrogen bond in the chloride anion complex of triol 3(2) since K3(2) = 12,000 
M–1 but K5(2) = 29,000 M–1. 
4.3. Experimental Section 
4.3.1. General  
All reactants, reagents and solvents were purchased from Sigma-Aldrich unless 
otherwise noted. Dess-Martin periodinane (DMP) was prepared according to previously 
reported procedures,42,43 while trimethyl(trifluoromethyl)silane (TMSCF3), 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ), anhydrous dichloromethane (CH2Cl2) and 
acetonitrile-d3 (CD3CN) were purchased from Matrix Scientific, Combi-Blocks, EMD 
Chemicals and Cambridge Isotope Laboratories, respectively. Tetrahydrofuran (THF) was 
dried over sodium metal at reflux under an argon atmosphere using benzophenone as an 
indicator and subsequently was distilled. Glassware (e.g., vials, NMR tubes and flasks) was 
dried in ovens and allowed to cool under a stream of argon or nitrogen. Hydrogenation 
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reactions were carried out in a 600 mL Parr stainless steel reactor. TLC analyses were 
performed on precoated (250 mm) silica gel 60 F-254 plates (Merck) and were visualized 
by staining with KMnO4 or a hand-held UV lamp.
 Medium pressure liquid chromatography 
(MPLC) was carried out with a Biotage Isolera 1 in which the samples were dissolved in a 
minimal amount of CH2Cl2 and syringed on to a silica gel column (Premium Rf Silica Gel, 
60A, 40-75 µm). Melting points (m.p.) were measured with a Uni-Melt apparatus (Thomas 
Hoover) and are uncorrected. NMR spectra were recorded with Varian VI 300 and 500 
MHz and Bruker AV 500 MHz spectrometers, and the chemical shifts are reported in ppm. 
The 1H, 13C and 19F signals were referenced as follows: 7.27 δ (1H, CHCl3), 1.94 δ (1H, 
CHD2CN), 77.0 δ (13C, CDCl3), 1.39 δ (13C, CD3CN) and -78.5 δ (19F, CF3CO2H, external 
calibrant). IR spectra of synthetic samples were recorded on a Nicolet iS5 FT-IR 
spectrometer with an ATR source while mass spectra of methanolic solutions were 
obtained with a Bruker ESI-BioTOF; PEG was employed as an internal standard for high 
resolution data. 
4.3.2. Synthetic Procedures for Compounds 5(1) and 5(2)  
1-Benzyloxy-3-p-methoxybenzyloxy-5-methoxy myo-inositol monoorthoformate (7): 3-
Benzyl-oxy-5-p-methoxybenzyloxy myo-inositol monoorthoformate (6)35 (1.50 g, 3.70 
mmol) was dissolved in 10 mL of dry THF in a 50 mL round bottomed flask under argon. 
After cooling to 0 ˚C, 0.300 g (7.4 mmol) of a 60% dispersion of NaH in mineral oil was 
added in several portions and the reaction mixture was stirred for 30 min. Methyl iodide 
(1.40 mL, 3.15 g, 22.2 mmol) was slowly syringed into the flask, and the resulting solution 
was allowed to warm up to room temperature overnight. A saturated aqueous solution of 
NH4Cl (5.0 mL) was carefully added to the reaction mixture, and the resulting organic layer 
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was separated. Diethyl ether (10 mL) was used to extract the aqueous solution and the 
combined organic material was washed with 5.0 mL of brine, dried over Na2SO4 and 
concentrated under reduced pressure. Purification of the oily residue by MPLC (5/95 to 
50/50 EtOAc/hexanes) afforded 1.30 g (87%) of 7 as a white solid (Rf = 0.21 in 25/75 
EtOAc/hexanes, m.p. = 77 – 82 ˚C). 1H NMR (300 MHz, CDCl3) δ 7.33 (br s, 5H), 7.23 
(d, J = 8.4 Hz, 2H), 6.85 (d, J = 8.4 Hz, 2H), 5.51 (s, 1H), 4.72 (d, J = 11.7 Hz, 1H), 4.65 
(d, J = 11.4 Hz, 1H), 4.58 (d, J = 11.4 Hz, 1H), 4.52 (d, J = 11.7 Hz, 1H), 4.45 (br s, 1H), 
4.42 – 4.29 (m, 4H), 3.82 (s, 4H), 3.46 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 159.4, 137.6, 
129.6, 129.4, 128.5, 128.0, 127.8, 113.9, 103.2, 74.0, 73.6, 71.8, 71.6, 69.9, 69.8, 69.4, 
68.0, 56.7, 55.3. IR (ATR source) 3060, 3034, 2975, 2965, 2933, 2906, 2885, 2836, 2826 
cm-1. HRMS-ESI: calc for C23H26NaO7
+ (M + Na)+ 437.1571, found 437.1579. 
3-Benzyloxy-5-methoxy myo-inositol monoorthoformate (8): 1-Benzyloxy-3-p-
methoxybenzyl-oxy-5-methoxy myo-inositol monoorthoformate 7 (1.20 g, 2.90 mmol) and 
1.00 g (4.40 mmol) of DDQ were dissolved in 30 mL of CH2Cl2 in a 100 mL round 
bottomed flask under an argon atmosphere. Water (1.5 mL) was added to the flask and the 
resulting dark orange solution was stirred overnight. It was then decanted and the orange 
precipitate was rinsed twice with 30 mL portions of diethyl ether. The combined solutions 
were successively washed with 30 mL of water and 30 mL of a saturated aqueous solution 
of NaHCO3 before being transferred to a 250 mL round bottomed flask where it was stirred 
with 50 mL of a saturated aqueous solution of NaHSO3 until the organic material turned 
light yellow. Both layers were separated and the aqueous solution was extracted with 20 
mL of diethyl ether. The combined organic material was washed with 20 mL of brine, dried 
over Na2SO4 and concentrated under reduced pressure. Purification of the residue by 
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MPLC (5/95 to 65/35 EtOAc/hexanes) afforded 0.500 g (59%) of 8 as a colorless oil (Rf = 
0.35 in 33/67 EtOAc/hexanes). 1H NMR (500 MHz, CDCl3) δ 7.45 – 7.29 (m, 5H), 5.48 
(d, J = 1.4 Hz, 1H), 4.71 (d, J = 11.7 Hz, 1H), 4.65 (d, J = 11.7 Hz, 1H), 4.53 – 4.40 (m, 
2H), 4.39 – 4.27 (m, 3H), 3.71 (br s, 1H), 3.67 (dd, J = 1.5, 2.9 Hz, 1H), 3.50 (s, 3H). 13C 
NMR (125 MHz, CDCl3) δ 136.0, 128.9, 128.8, 128.1, 102.6, 74.6, 73.3, 71.3, 69.3, 68.6, 
67.9, 67.6, 56.8. IR (ATR source) 3488, 3088, 3063, 3030, 3006, 2958, 2932, 2825 cm-1. 
HRMS-ESI: calc for C15H18NaO6
+ (M + Na)+ 317.0996, found 317.0982. 
1-Trifluoromethyl-5-methoxy myo-inositol monoorthoformate (5(1)): 3-Benzyloxy-5-
methoxy myo-inositol monoorthoformate 8 (0.500 g, 1.70 mmol) was dissolved in 20 mL 
of dry CH2Cl2 in a 100 mL round bottomed flask under argon. Dess-Martin periodinane 
(0.870 g, 2.00 mmol) was added all at once and the resulting cloudy solution was stirred 
overnight. Diethyl ether (40 mL) and a solution consisting of 20 mL of 10% Na2S2O3 and 
20 mL of 10% NaHCO3 were added to the flask and the resulting mixture was stirred until 
the organic layer became clear (~ 15 min). The aqueous phase was saturated with NaCl, 
separated and extracted with 20 mL of diethyl ether. The combined organic material was 
dried over Na2SO4, concentrated under reduced pressure and purified by MPLC (10/90 
EtOAc/hexanes to neat EtOAc) to afford 0.30 g (60%) of the intermediate ketone as a white 
solid. Its IR spectrum showed a band at 1763 cm-1 for the carbonyl stretch. 
The intermediate ketone (0.270 g, 0.924 mmol) and 0.270 mL (0.260 g, 1.80 mmol) of 
TMSCF3 were dissolved in 10 mL of dry THF in a 25 mL round bottomed flask under 
argon. After cooling to 0 ˚C, 20 µL of 1.0 M TBAF in THF was added all at once and the 
reaction mixture stirred for 12 h while it was allowed to warm up to room temperature. 
More TBAF (3.0 mL) was added via syringe at this point and after 45 min the solvent was 
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removed under reduced pressure. The residual material was diluted with 20 mL of diethyl 
ether and passed through a plug of silica gel which was subsequently rinsed with 30 mL of 
diethyl ether. Concentration of the combined ethereal material under reduced pressure 
afforded an oily residue that was purified by MPLC (5/95 EtOAc/hexanes to 50/50 
EtOAc/hexanes) to give 0.290 g (88%) of 1-trifluoromethyl-3-benzyloxy-5-methoxy myo-
inositol monoorthoformate 9 as a white solid (Rf = 0.35 in 25/75 EtOAc/hexanes). Its
 19F 
NMR spectrum showed a large signal at -81.2 and a 2% impurity at -75.7, but it was used 
in the next step without further purification. 
In a 10 mL round bottomed flask, 0.290 g (0.800 mmol) of the intermediate alcohol 9 
was dissolved in 5.0 mL of THF and 0.0970 g of Pearlman's catalyst (20% Pd(OH)2/C) 
was added. This flask was placed in a Parr hydrogenation apparatus and the system was 
evacuated and then filled up with hydrogen to 500 psi three times in succession. After 
magnetically stirring the reaction mixture for 24 h, the pressure was released and 10 mL of 
diethyl ether was added. Filtration of this material through a small plug of silica gel and a 
subsequent rinse of the silica with 20 mL of diethyl ether afforded a combined solution that 
was concentrated under reduced pressure. The solid residue was partially dissolved in hot 
chloroform and upon cooling to room temperature white crystals were produced and 0.210 
g (95%) of 5(1) with m.p. = 163 – 167 ˚C was isolated. 1H NMR (500 MHz, CD3CN) δ 
5.49 (br s, 1H), 5.45 (d, J = 1.1 Hz, 1H), 4.82 (br s, 1H), 4.59 (dd, J = 2.4 and 3.3 Hz, 1H), 
4.42 (dd, J = 1.8 and 3.7 Hz, 1H), 4.36 (m, 1H), 4.30 (m, 1H), 3.78 (dd, J = 1.4 and 3.5 Hz, 
1H), 3.47 (s, 3H). 13C NMR (125 MHz, CD3CN) δ 125.5 (q, J = 283 Hz), 103.0, 71.7 (q, J 
= 27.1 Hz), 71.6, 70.4, 70.0, 68.2, 67.8, 57.2. 19F NMR (282 MHz, CD3CN) δ -80.2. IR 
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(ATR source) 3244, 3023, 2988, 2963, 2923, 2845 cm-1. HRMS-ESI: calc for C9H10F3O6‾ 
(M - H)‾ 271.0435, found 271.0413.  
1,3-Trifluoromethyl-1,3-benzyloxy-5-methoxy myo-inositol monoorthoformate (11): In 
a 50 mL round bottomed flask, 0.200 g (0.395 mmol) of 3,5-bis(trifluoromethyl)-3,5-
dibenzyloxy myo-inositol monoorthoformate 1035 was dissolved in 20 mL of dry THF 
under argon. After cooling to 0 ˚C, 0.0316 g (0.790 mmol) of a 60% dispersion of NaH in 
mineral oil was added in several portions while the reaction was stirred. The resulting slurry 
was stirred for an additional 30 min after which 0.250 mL (0.561 g, 3.95 mmol) of CH3I 
was slowly syringed into the flask. The reaction mixture was stirred overnight and allowed 
to warm up to room temperature. A saturated aqueous solution of NH4Cl (10 mL) was 
carefully added to the flask and the resulting solution was diluted with 10 mL of diethyl 
ether. Both layers were separated and the aqueous phase was extracted with 10 mL of 
diethyl ether. The combined ethereal solution was washed with brine, dried over Na2SO4 
and concentrated under reduced pressure to afford an oily residue. Purification by MPLC 
(20/80 EtOAc/hexanes) gave 0.150 (71%) of 11 as a white solid (Rf = 0.59 in 25/75 
EtOAc/hexanes, m.p. = 125 - 128 ˚C). 1H NMR (500 MHz, CDCl3) δ 7.24 (m, 2H), 7.19 
(m, 4H), 6.96 (m, 4H), 5.67 (d, J = 0.90 Hz, 1H), 4.93 (t, J = 2.2 Hz, 1H), 4.70 (d, J = 10.4 
Hz, 2H), 4.67 (dd, J = 1.8, 2.2 Hz, 2H), 4.52 (d, J = 10.4 Hz, 2H), 3.97 (q, J = 1.3 Hz, 1H), 
3.57 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 135.9, 128.4, 128.05, 127.7, 124.6 (q, J = 293 
Hz), 102.6, 74.4 (q, J = 25.3 Hz), 69.8, 68.0, 67.4, 67.2, 57.5. 19F NMR (471 MHz, CDCl3) 
δ -71.3. IR (ATR source) 3093, 3072, 3030, 3012, 2983, 2975, 2942, 2917, 2894, 2841 cm-
1. HRMS-ESI: calc for C24H22F6NaO6
+ (M + Na)+ 543.1213, found 543.1223. 
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1,3-Trifluoromethyl-5-methoxy myo-inositol monoorthoformate (5(2)): In a 10 mL 
round bottomed flask, 0.090 g (0.17 mmol) of 1,3-trifluoromethyl-1,3-benzyloxy-5-
methoxy myo-inositol monoorthoformate 11 and 0.045 g of Pearlman's catalyst (20% 
Pd(OH)2/C) was dissolved in 2.0 mL of THF. The resulting black suspension was placed 
in a hydrogenation apparatus and the system was evacuated and then filled up with 
hydrogen to 500 psi three times in succession. After 2 days of stirring with a magnetic stir 
bar, the pressure was released and the reaction mixture was diluted with 5 mL of diethyl 
ether. It was then filtered through a plug of silica gel and 20 mL of diethyl ether was used 
to rinse the silica. The combined ethereal solution was concentrated under reduced pressure 
to afford a very light brown solid which was partially dissolved in a small amount of hot 
CHCl3 and allowed to cool to room temperature. White crystals of 5(2) (0.030 g, 52%) 
were isolated (m.p. = 232 – 235 ˚C but they turned brown at 209 ˚C). 1H NMR (500 MHz, 
CD3CN) δ 5.58 (br s, 2H), 5.55 (d, J = 1.3 Hz, 1H), 4.58 (t, J = 2.0 Hz, 1H), 4.52 (dd, J = 
1.8 and 2.2 Hz, 2H), 3.87 (dt, J = 1.6 and 1.8 Hz, 1H), 3.52 (s, 3H). 13C NMR (125 MHz, 
CD3CN) δ 125.2 (q, J = 284 Hz), 118.4, 102.9, 71.5 (q, J = 28.0 Hz), 69.9, 66.9, 57.7. 19F 
NMR (471 MHz, CD3CN) δ -79.2. IR (ATR source) 3334, 3233, 3025, 2986, 2966, 2918, 
2861 cm-1. HRMS-ESI: calc for C10H9F6O6‾ (M - H)‾ 339.0309, found 339.0307. 
4.3.3. Binding Measurements  
Acetonitrile-d3 was dried over 3 Å molecular sieves for several days that had been 
activated at 320 ˚C for 12 h. Tetrabutylammonium chloride (TBACl) was dried by heating 
it at 50 ˚C under vacuum for 6 hours, and then was kept in a desiccator over P2O5 until it 
was used. NMR titrations of dilute solutions of the receptor (i.e., < 0.50 mM) maintained 
at constant concentrations were carried out by syringing in various amounts of TBACl to 
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septa-capped NMR tubes. Binding isotherms were obtained by monitoring the changes in 
the C–H chemical shifts. Non-linear 1:1 fits of the data were carried out using the Solver 
add-on for Excel to obtain the resulting binding constants (K, M-1).  
4.3.4. IR Studies  
IR spectra of receptor solutions and their 1:1 TBACl complexes were obtained in a NaCl 
solution cell with a fixed path length of 0.10 mm using a Nicolet iS5 FT-IR spectrometer, 
and the spectra of the solvent and TBACl were subtracted to obtain the final results (i.e., 
background corrected spectra are reported). Alcohols 5(1) and 5(2) were dissolved in dry 
1:9 CD3CN/CCl4 solutions (the former co-solvent was employed for solubility reasons) 
and the resulting absorptions were fit using B3LYP/6-31+G(d,p) computed gas-phase 
vibrational frequencies and intensities for the most stable structures located. Lorentzian 
functions were employed and the intensities at each wavelength ν in the spectral window 
are given by I(ν) = aIo/(1 + {(ν – bνo)2/2S2}), where a, b, ν0, I0 and S are the intensity 
correction parameter, frequency scaling factor, computed frequency and intensity, and peak 
width at half height, respectively. In this work as before, a frequency scaling factor of 0.945 
(b) and peak widths at half-height (S) of 10 cm-1 and 60 cm-1 for the C ̶ H and O ̶ H 
stretching frequencies, respectively, were used. 
4.3.5. Computations  
B3LYP/6-31+G(d,p) geometry optimizations and vibrational frequency calculations 
were carried out using Gaussian 09.44-46 Zero-point energies (ZPEs) and thermal 
corrections (TCs) were computed using unscaled vibrational frequencies. In some cases, 
structures were also calculated in acetonitrile using the conductor-like polarizable 
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continuum (CPCM) model;47-50 the most stable gas-phase structures were used as the 
starting points in these cases. 
4.4. Conclusions 
The stereo configurations of non-interacting methoxy groups in small molecule 
receptors were found to have a large effect on these compounds anion recognition abilities 
and the structures of the resulting anion–receptor complexes. Conversion of an axial ether 
(4(2)) to an equatorial one (5(2)) was found to increase the TBACl binding constant by a 
factor of 320 and the latter compound is a better receptor than the analogous triol with three 
axial OH groups (i.e., 3(2)) despite the loss of a hydrogen bond in the anion-bound 
complex. This appears to be due to a favorable bond dipole in the equatorial ether and a 
weak C ̶ H•••OH hydrogen bond. These results have implications in designing useful 
catalysts and molecular receptors. 
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Chapter 5: Charge–Enhanced Acidity and Catalyst Activation* 
Acid-base reactions are among the most common and fundamental transformations in 
all of chemistry. As a result, the development of new Brønsted acids and bases are of 
general interest, and have been the subject of extensive research efforts.1-5 The strengths of 
these reagents are most commonly measured in water and/or dimethyl sulfoxide (DMSO), 
both of which are very polar solvents with high dielectric constants.6 Substituent effects 
are also routinely studied in polar media whereas most organic transformations are carried 
out in less polar solvents.7,8 Structure–reactivity insights from pKa and substituent effect 
data, consequently can be misleading. In this work, IR spectroscopy is used to obtain 
relative acidities of a series of m- and p-substituted phenols in a nonpolar solvent, and these 
results are better fit by gas-phase acidities than the corresponding DMSO pKa values. This 
observation led us to examine charged substituents in nonpolar solvents, and enhanced 
acidity and catalytic performance is reported. 
In a clever study, Reed, et al. showed that IR spectroscopy can be used to provide 
relative acidities of the strongest BrØnsted acids known to date.9 This was accomplished by 
comparing the N–H stretching frequencies of a series of trioctylammonium salts of 
deprotonated carboranes. It was found that the weaker the interaction of the base, the higher 
the frequency for this band. Inspired by this work and related studies,10,11 we obtained the 
IR spectra of 20 m- and p-substituted phenols in carbon tetrachloride in the presence and 
absence of acetonitrile-d3 (Table 1).
12-17  
                                                 
* Samet, M.; Buhle, J.; Zhou, Y.; Kass, S. R., Charge–Enhanced Acidity and Catalyst Activation. J. Am. 
Chem. Soc., 2015, 137, 4678–4680. Copyright ACS. Reproduced with permission. 
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Table 1. Hydroxyl stretching frequencies for substituted phenols in CCl4 along with their 
DMSO pKa and gas-phase acidity values. 
Cmpd   (cm–1) Δ pKa G˚acida 
(XC6H4OH) CCl4 1% ACNb (cm–1) (DMSO) (kcal mol–1) 
X =       
m–(CH3)2N 3616 3464 152 19.1 343.5 ± 2.0 
m–H 3611 3454 157 18.0 341.5 ± 1.0c 
m-CH3 3611 3448 163 18.2 341.3 ± 1.4c 
m-CH3O 3611 3446 165 18.2 341.5 ± 2.0 
m–F 3608 3423 185 15.8 337.2 ± 2.0 
m–CF3 3605 3415 190 15.6 332.4 ± 2.0 
m–Cl 3606 3415 191 15.8 335.3 ± 2.0 
m–NO2 3599 3387 212 14.4 327.6 ± 2.0 
m–CN 3606 3388 218 14.8 329.0 ± 2.0 
p–(CH3)2N 3616 3468 148 19.8 344.4 ± 2.0 
p-CH3O 3616 3463 153 19.1 343.9 ± 2.0 
p-CH3 3613 3453 160 18.9 343.8 ± 2.0 
p–F 3608 3442 166 18.0 340.4 ± 2.0 
p–Cl 3607 3435 172 16.7 336.5 ± 2.0 
p–Br 3607 3415 192 16.4  
p-CH3CO 3599 3407 192 14.0 328.6 ± 2.0 
p–CF3 3602 3406 196 15.3 330.1 ± 2.0 
p-CH3SO2 3600 3390 210 13.6 324.2 ± 2.0 
p–CN 3597 3380 217 13.2 325.5 ± 2.0 
p–NO2 3594 3373 221 10.8 320.9 ± 2.0 
1d 3041 3043 –2 12.5 ± 1.0e 261.4f 
2g 3576 3247 329 12.5 ± 1.0e 261.4f 
3h 3566 3196 370 12.4 ± 1.1e 231.1i 
aEquilibrium determinations from ref. 16 unless otherwise noted; some values are the average of two 
similar results. b1% ACN = 1% CD3CN/99% CCl4. cMeasured by threshold collision-induced dissociation 
(ref. 17). d1 = p-HOC6H4N(n-C8H17)2CH3+ I–. eMeasured by bracketing using two colored indicators. 
fB3LYP/6-31+G(d,p) computations on p-HOC6H4N(n-C8H17)2CH3+. g2 = p-HOC6H4N(n-C8H17)2CH3+ BAr-
F
4
– where ArF stands for tetrakis(3,5-bis-(trifluoromethyl)phenyl)borate. h3 = 3-Hydroxy-N-octylpyridinium 
BArF4–. iThis calculated value is for 3-methylpyridinium phenol. 
Dilute solutions (5 mM) of the phenols in the latter case gave rise to a sharp band for the 
“free“ O–H stretch around 3600 cm–1 (Fig. 1, solid line). Addition of a small amount of 
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CD3CN (1% v/v) led to a large 150 – 220 cm–1 frequency reduction (i.e., a red shift) and a 
broadening of the band due to the formation of an ArOH•••NCCD3 hydrogen bond (Fig. 1, 
dotted line).18,19 
 
Figure 1. Representative IR spectrum of phenol in CCl4 (solid line) and in 1% 
CD3CN/CCl4 (dotted line).  
A plot of the experimental pKa values in DMSO versus the observed frequency shifts 
for both the meta and para isomers is reasonably well fit by a single line in which the p-
nitro and p-acetyl derivatives are omitted from the least squares analysis to improve the 
correlation coefficient from 0.89 to 0.94 (Fig. 2).20 A similar correlation between the gas-
phase acidities (ΔG˚acid) of the phenols and the change in their O–H frequency shifts is 
obtained for all of the compounds including the p-NO2 and p-COCH3 derivatives, but in 
this case the data are best fit by separate lines for the meta and para isomers (Fig. 3). These 
results suggest that resonance delocalization is not as effective in carbon tetrachloride as it 
is in dimethyl sulfoxide because this is a completely stabilizing mechanism for solvent-
separated ion pairs (DMSO) but not for tight ion pairs (CCl4). 
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Figure 2. DMSO pKa values vs m- and p-substituted phenol O–H frequency shifts in CCl4 
upon addition of CD3CN. A linear least squares fit of the data affords y (pKa) = -0.0822() 
+ 31.6, r2 = 0.936, where the open diamonds are for the p-NO2 and p-COCH3 derivatives 
which were excluded from the analysis. 
 
Figure 3. Gas phase acidities (kcal mol–1) vs. O–H frequency shifts for m- (triangles) and 
p-substituted (diamonds) phenols. Linear least squares analyses give y (pKa) = -0.241() 
+ 380.3, r2 = 0.950 (meta) [dotted line] and y (pKa) = -0.324() + 393.2, r2 = 0.970 (para) 
[solid line]. 
That is, in the latter case charge dispersal diminishes the electrostatic stabilizing 
interaction between oppositely charged ions and this results in a delicate balance between 
charge delocalization and Coulombic attraction. In the gas phase, counterions are absent 
and charge delocalization is of paramount importance, so it is not surprising that the 
behavior of the para derivatives diverge from the meta isomers. It was unexpected, 
however, that the gas-phase acidities correlate with those in nonpolar media better than the 
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DMSO pKa values. Consequently, they may be more useful in structure/reactivity 
relationships. 
Gas-phase substituents with the largest impact are charged groups whereas in polar 
media they are much less effective.21,22 For example, p-COCH3, p-CN and p-NO2 
substituted phenols are all more acidic than the p-N(CH3)3
+ derivative in DMSO13 but the 
trimethylammonium ion is predicted to be at least 45 pKa units (i.e., 62.7 kcal mol
–1) more 
acidic than the other species in the gas phase. This suggests that there should be an acidity 
reversal for these compounds in nonpolar solvents and a new strategy of enhancing 
BrØnsted acidities and catalytic efficiencies in organic transformations.23-26 To test this 
hypothesis, p-dioctylaminophenol was synthesized and subsequently methylated with 
methyl iodide; octyl groups were used to enhance the salt's solubility in carbon 
tetrachloride. The resulting methyl(dioctyl)ammonium ion (i.e., p-HOC6H4N(n-
C8H17)2CH3
+ I–, 1) has a broad OH band at 3041 cm–1 which indicates that there is a OH•••I– 
hydrogen bond even though iodide is a weakly basic anion. Not surprisingly then, the IR 
spectrum of this salt is essentially unchanged upon addition of 1% CD3CN. These results 
imply that 1 is not particularly acidic in CCl4, and so tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (BArF4
–)) was used to replace the iodide counterion. The 
resulting phenol (p-HOC6H4N(n-C8H17)2CH3
+ BArF4
–, 2) has an OH stretch at 3576 cm–1 
which is red-shifted down to 3247 cm–1 in the presence of acetonitrile-d3. This decrease of 
329 cm–1 is 50% larger than for p-nitrophenol, the compound with the biggest shift that we 
previously observed, and indicates that 2 is more acidic in CCl4 than the other phenols that 
were examined. 
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To assess this result further, the Friedel-Crafts reaction between -nitrostyrene and N-
methylindole was studied in chloroform (eq 1).  
 
This transformation was chosen because it is an acid-catalyzed process and its rate should 
serve as an indicator of the phenol acidity.24,27 As expected, 1 is a very poor catalyst, p-
nitrophenol is about 7 times better, and 2 is 200–fold more reactive (Table 2, entries 1–3). 
These results are in accord with the acidity reversal of p-nitrophenol and 2 in going from 
DMSO to CCl4. The relative rates of this transformation, however, are expected to be 
concentration dependent since the reactants are polar compounds and the relative acidity 
of p-nitrophenol and 2 is sensitive to the polarity of the medium. This hypothesis was borne 
out in that when the concentrations of the two reactants were tripled (entries 5 and 6), k2/kp-
HOC6H4NO2 decreased from 29 to 17. Likewise, when the original concentrations were 
reduced by a factor of three (entries 7 and 8) the ratio increased from 29 to 64. This latter 
difference is even larger (i.e., 180) when the reaction is run in toluene-d8. 
  Additional gas-phase computations revealed that 3-hydroxy-N-methylpyridinium ion is 
22 pKa units (30 kcal mol
–1) more acidic than p-methyl(dipentyl)ammonium phenol, so the 
octylammonium BArF4
– salt of 3-hydroxypyridine (i.e., 3) was synthesized. Its IR spectra 
in CCl4 and 1% CD3CN/CCl4 have bands at 3566 and 3196 cm
–1, respectively. This red 
shift of 370 cm–1 indicates that 3 is more acidic than 2 in carbon tetrachloride as predicted 
by the B3LYP/6-31+G(d,p) calculations. The pyridinium ion 3 was also found to be a more 
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active catalyst than p-nitrophenol and 2 by factors of up to 2,000 and 30, respectively 
(entries 7-9).  
Protonated catalysts have been successfully employed in organic transformations24,28-31 
but provide an additional hydrogen bond donor site that can be actively involved in the 
reaction. Non-protonated ions eliminate this concern and can enhance acidities of ionizable 
groups in nonpolar environments. This effect undoubtedly can be reversed to increase the 
basicity of basic sites, and the exploitation of electrostatics is an exciting avenue for further 
exploration.21 Studies along these lines are in progress and even more dramatic effects may 
be obtained by incorporating the counterion into the reagent at a remote non-interacting 
location. 
Table 2. Kinetic results for a Friedel-Crafts reaction (eq 1).a 
entry catalyst [nitrostyrene], mM t1/2 (h) t1/2 (rel) 
1 p-HOC6H4NO2 83 1,200 1 
2 1 83 8,400 0.14 
3 2 83 42 29 
4 3 83 1.6 750 
5 p-HOC6H4NO2 235 640 1 
6 2 235 37 17 
7 p-HOC6H4NO2 29 4,100 1 
8 2 29 64 64 
9 3 29 2.1 2,000 
aThree equivalents of N-methylindole and a fixed amount of catalyst (8.3 mM) were used in each case. 
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5.1. Experimental  
5.1.1. General 
All solvents and reagents were purchased from Sigma-Aldrich except for anhydrous 
dimethylformamide (DMF), sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate 
(NaBArF4), and acetonitrile-d3 which came from EMD Chemicals, Matrix Scientific, and 
Cambridge Isotope Laboratories, respectively. Glassware including flasks, vials and NMR 
tubes were oven dried while septa, microsyringes and IR solution cells were stored in a 
desiccator containing phosphorous pentoxide. Activated molecular sieves (3 Å) were used 
to dry CD3CN and degassed dimethyl sulfoxide (DMSO), and in the latter case this solvent 
was stored in a glove box under nitrogen before use. Anhydrous CCl4 was stored under 
argon without further treatment. TLC analyses were performed on precoated (250 mm) 
silica gel 60 F-254 plates (Merck) and were visualized by staining with KMnO4 or a hand-
held UV lamp. Medium pressure liquid chromatography (MPLC) was carried out with a 
Biotage Isolera 1 with silica gel columns (Premium Rf Silica Gel, 60A, 40-75µm). 
Uncorrected melting points (m.p.) were determined with a Thomas Hoover Uni-Melt 
apparatus in unsealed tubes. Proton, 13C, and 19F NMR spectra were obtained with Varian 
VI 300 and 500 MHz and Bruker AV 500 instruments and chemical shifts are given in ppm 
and were referenced as follows: 7.27 δ (1H, CHCl3), 1.94 δ (1H, CHD2CN), 77.0 δ (13C, 
CDCl3), 1.39 δ (13C, CD3CN) and -78.5 δ (19F, CF3CO2H, external calibrant). IR spectra of 
synthetic samples were recorded with an ATR source on a Nicolet iS5 FT-IR spectrometer 
whereas 0.1 and 1.0 mm fixed path length liquid cells with NaCl windows were used for 
the solution measurements. In the latter case, background corrected spectra of ~5.0 mM 
phenol solutions were obtained in dry CCl4 and in 1% CD3CN/CCl4 (v:v). Mass spectra 
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were obtained with a Bruker ESI-BioTOF instrument using methanolic solutions and PEG 
as an internal standard for high resolution data. 
5.1.2. Synthetic Procedures for Compounds 1-4 
p-Dioctylaminophenol: p-Aminophenol (0.55 g, 5.04 mmol) was dissolved in 10 mL of 
anhydrous DMF in a 50 mL round bottomed flask under nitrogen. 1-Iodooctane (2.83 g, 
11.8 mmol) and potassium carbonate (0.70 g, 5.07 mmol) were slowly added and the 
resulting solution was stirred for 3 h at 75 ˚C. A second batch of potassium carbonate (0.70 
g, 5.07 mmol) was added in several portions, and the resulting mixture was stirred for an 
additional 6 h. Upon cooling to room temperature it was poured into 40 mL of water and 
the resulting solution was extracted 3 times with 100 mL portions of hexanes. The 
combined organic material was dried over MgSO4, concentrated under reduced pressure, 
and the resulting product was purified by MPLC (hexanes to 10/90 EtOAc/hexanes) to 
afford 1.20 g (72%) of p-dioctylaminophenol as a colorless oil (Rf = 0.24 in 2/98 
EtOAc/hexanes). 1H NMR (300 MHz, CDCl3) δ 7.16 (dd, J = 1.4, 8.0 Hz, 1H), 7.09 (ddd, 
J = 1.5, 8.1, 8.1 Hz, 1H), 6.95 (dd, J = 1.1, 8.1 Hz, 1H), 6.86 (ddd, J = 1.5, 7.7, 7.7 Hz, 
1H), 2.85 (t, J = 7.0 Hz, 4H), 1.44 – 1.16 (m, 24H), 0.89 (t, J = 6.6 Hz, 6H). 13C NMR (75 
MHz, CDCl3) δ 153.7, 137.4, 126.4, 123.0, 119.7, 113.4, 56.4, 31.8, 29.4, 29.2, 27.7, 27.3, 
22.6, 14.1. IR (ATR source) 3318, 3044, 2953, 2923, 2854 cm-1. HRMS-ESI: calc for 
C22H40NO
+ (M + H)+ 334.3104, found 334.3081. 
p-Methyldioctylammonium phenol iodide (1): p-Dioctylaminophenol (0.94 g, 2.82 
mmol) was transferred to a 10 mL round bottomed flask under argon and 4.00 g (28.2 
mmol) of iodomethane was added in one portion. The reaction flask was covered with 
aluminum foil and allowed to stand for 72 h at room temperature without stirring. Pentane 
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(~3 mL) was then slowly added along the edge of the flask so that it was placed on top of 
the reaction mixture and slowly diffused into the solution. Crystals of 1 formed after 5 h, 
and they were separated and washed several times with pentane and CCl4 to afford 0.70 g 
(50%) of 1 as a light yellow solid. A portion of this material was recrystallized by 
dissolving it in 3 mL of methanol and slowly adding ~ 3 mL of deionized water with 
vigorous stirring. A cloudy solution resulted, and it was placed in a refrigerator at –5 ˚C 
for 24 h during which time light yellow needles of 1 formed (m.p. 119 – 121 ˚C). 1H NMR 
(500 MHz, CDCl3) δ 9.93 (br s, 1H), 8.00 (d, J = 5.5 Hz, 1H), 7.39 (dd, J = 7.4, 8.3 Hz, 
1H), 7.16 (d, J = 8.3 Hz, 1H), 6.97 (dd, J = 7.4, 8.3 Hz, 1H), 4.61 (dd, J = 10.7, 11.9 Hz, 
2H), 3.77 (dd, J = 10.7, 11.3 Hz, 2H), 3.54 (s, 3H), 1.55 (m, 2H), 1.44 – 1.13 (m, 22H), 
0.85 (dd, J = 6.7, 7.0 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ 150.1, 132.2, 126.4, 121.9, 
121.9, 121.0, 120.7, 66.1, 49.1, 31.6, 29.1, 28.9, 26.2, 23.7, 22.5, 14.0. IR (ATR source) 
3053, 2951, 2921 2870, 2851 cm-1. HRMS-ESI: calc for C23H42NO
+ (M – I)+ 348.3261, 
found 348.3265. 
p-Methyldioctylammonium phenol tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (2): 
Sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (100 mg, 0.11 mmol) and 50 mg 
(0.105 mmol) of 1 were transferred to a vial and 1.5 mL of CH2Cl2 was added. This mixture 
was stirred for 20 h at room temperature and was then filtered through a small pad of silica 
gel. The dichloromethane was removed under reduced pressure to afford 0.11 g (85%) of 
2 as a viscous yellow oil. 1H NMR (500 MHz, CDCl3) δ 7.73 (s, 8H), 7.55 (s, 4H), 7.37 
(ddd, J = 1.5, 7.4, 7.8 Hz, 1H), 7.14 (dd, J = 1.0, 8.3 Hz, 1H), 7.02 (ddd, J = 1.5, 7.3, 8.8 
Hz, 1H), 6.87 (dd, J = 1.0, 7.8 Hz, 1H), 6.00 (br s, 1H), 4.38 (ddd, J = 4.4, 12.7, 13.2 Hz, 
2H), 3.35 (ddd, J = 4.9, 11.8, 12.7 Hz, 2H), 3.29 (s, 3H), 1.52 (m, 2H), 1.34 – 1.10 (m, 
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22H), 0.83 (dd, J = 6.9, 7.3 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ 161.6 (q, 1JB-C = 49.6 
Hz), 147.4, 134.8, 133.2, 128.9 (qq, 3JB-C = 2.7 Hz and 
2JF-C = 31.6 Hz), 125.9, 124.5 (q, 
1JF-C = 271 Hz), 123.1, 122.5, 119.4, 117.5 (septet, 
3JF-C = 3.6 Hz), 67.1, 48.9, 31.4, 28.70, 
28.69, 25.9, 23.3, 22.4, 13.9. 19F NMR (471 MHz, CDCl3) δ -64.9. IR (ATR source) 3598, 
2959, 2933, 2862 cm-1. HRMS-ESI: calc for C32H12BF24‾ (M – C23H42NO)‾ 863.0654, 
found 863.0654 and calc for C23H42NO
+ (M – BArF4)+ 348.3261, found 348.3254. 
3-Hydroxy-N-octylpyridinium iodide: In a 100 mL round bottomed flask, 1.00 g (10.5 
mmol) of 3-hydroxypyridine was added to 30 mL of dry acetonitrile. 1-Iodooctane (1.99 
mL, 2.65 g, 11.0 mmol) was syringed into the reaction mixture in one portion and the 
resulting solution was stirred and gently refluxed for 20 h under argon. Upon cooling to 
room temperature, the solvent was removed under vacuum to give an oily brown residue. 
Column chromatography of this material with a small ~5 cm long plug of silica gel in a 
pipette was carried out first with dichloromethane and then ethyl acetate. The latter material 
was concentrated with a rotary evaporator to yield 1.21 g (34%) of the product as a viscous 
brown oil. 1H NMR (500 MHz, CDCl3) δ 10.31 (br s, 1H), 8.86 (s, 1H), 8.31 (s, 1H), 8.23 
(s, 1H), 7.82 (s, 1H), 4.60 (t, J = 6.9 Hz, 2H), 2.03 (m, 2H), 1.45 – 1.18 (m, 10H), 0.86 (t, 
J = 6.8 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 158.2, 134.5, 132.6, 132.5, 128.5, 62.5, 
31.5, 31.4, 28.9, 28.8, 26.0, 22.5, 14.0. IR (ATR source) 3336, 3047, 3023, 2954, 2926, 
2855, 2734, 2616, 2515 cm-1. HRMS-ESI: calc for C13H22NO
+ (M - I)+ 208.1696, found 
208.1688.  
3-Hydroxy-N-octylpyridinium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (3): 3-
Hydroxy-N-octylpyridinium iodide (35.2 mg, 0.105 mmol) and 100 mg of NaBArF4 were 
used to carry out the salt metathesis reaction according to the procedure for the synthesis 
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of 2. This afforded 80.0 mg (71%) of 3 as a brown gummy compound. 1H NMR (500 MHz, 
CDCl3) δ 8.08 – 7.35 (m, 16H), 6.73 (brs, 1H), 4.24 (t, J = 7.6 Hz, 2H), 1.91 (m, 2H), 1.39 
– 1.16 (m, 10H), 0.86 (t, J = 6.6 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 161.6 (q, 1JB-C = 
49.7 Hz), 156.4, 134.9, 134.7, 132.0, 131.7, 129.02 (qq, 3JB-C = 2.7 Hz, 
2JF-C = 31.6 Hz), 
128.97, 124.4 (q, 1JF-C = 271 Hz), 117.6 (septet, 
3JF-C = 3.6 Hz), 63.3, 31.4, 31.2, 28.7, 28.6, 
25.9, 22.4, 13.9. 19F NMR (471 MHz, CDCl3) δ -64.9. IR (ATR source) 3588, 3176, 3104, 
3086, 2958, 2935, 2863 cm-1. HRMS-ESI: calc for C32H12BF24‾ (M – C13H22NO)‾ 
863.0654, found 863.0636 and calc for C13H22NO
+ (M – BArF4)+ 208.1696, found 
208.1708. 
5.1.3. Computations 
Geometry optimizations and vibrational frequencies were computed at the Minnesota 
Supercomputer Institute for Advanced Computational Research with the Gaussian 09 suite 
of programs using B3LYP and the 6-31+G(d,p) basis set.32-34 Conformers of p-
diethyl(methyl)ammonium phenol were explored and the most favorable one located was 
used as the starting point for the geometry optimization of p-methyl(dipentyl)ammonium 
phenol. The conjugate base of the resulting structure was used as the starting point for its 
geometry optimization. Energetics are reported at 298 K and unscaled vibrational 
frequencies were used in this regard. 
5.1.4. Kinetics  
Reactions were carried out under inert atmosphere in capped NMR tubes and their 
progress was monitored by 1H NMR using signals at 8.04 and 5.23 ppm corresponding to 
β-nitrostyrene and the Friedel-Crafts product, respectively. In all cases, a 3:1 ratio of N-
97 
 
methylindole and β-nitrostyrene were used along with a constant catalyst concentration of 
8.3 mM. The resulting data were fit using second-order kinetics (i.e., ln([N-
methylindole][-nitro-styrene]o/[-nitrostyrene][N-methylindole]o) = k([N-methylindole]o 
– [-nitro-styrene]o)t to obtain rate constants and the first half-lifes of the limiting reagent. 
5.1.5. Titrations  
Coulometric titrations of 1–3 were carried out in dry DMSO using two standard 
indicators with known pKa values and colored conjugate bases. Both forward and reverse 
directions were examined by either adding a phenol (i.e., 1–3) or the selected indicator to 
a dilute 1.0 mM dimsyl potassium solution and then adding the other acid. For 1 and 2, 9-
phenylthiofluorene (pKa = 15.4) and 9-phenylsulfonylfluorene (pKa = 11.5) were used. 
Colored solutions were observed in both directions only for the latter indicator and the 
favored direction indicates that it is more acidic than both 1 and 2. For 3, 9-carbo-
methoxyfluorene ((pKa = 10.3) and 9-phenylsulfonylfluorene were employed, but 
equilibration was only detected with the weaker acid. This suggests that the pKa of 3 is 
between 11.3 and 13.5. 
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Chapter 6: Preorganized Hydrogen Bond Donor Catalysts: Acidities and 
Reactivities* 
6.1. Introduction 
Enzymes employ multiple stabilizing interactions such as inductive effects and 
hydrogen bond networks (HBNs) to control their structures and catalyze a wide variety of 
biochemical transformations.1-7 For example, an array of hydrogen bonds has been 
implicated in playing a key role in the catalytic activity of ketosterioid isomerase by 
enhancing the acidity of the active site tyrosine residue from a pKa value of 10.5 to 6.3.
2 
Drawing inspiration from observations such as this, considerable effort has been expended 
mimicking enzyme behavior to develop more reactive and selective metal-free small 
molecule catalysts.8-14 Thioureas play a particularly important role in this regard.15-24  
Preorganization is well known to play a critical role in enzyme catalysis but generally 
has not been exploited in the design of hydrogen bond catalysts.1,25,26 Schreiner has 
proposed that weak C–H···S hydrogen bonds in bis(3-trifluoromethyl-phenyl)thiourea (1) 
and related species with strong electron withdrawing groups (EWG) have enhanced 
populations of the reactive Z,Z conformers compared to dicyclohexylthiourea (2) and other 
derivatives that lack such substituents (Fig. 1).17 While the thioureas with EWG are found 
to be more active catalysts, this may be a reflection of their greater acidity rather than 
                                                 
* Samet, M.; Kass, S. R., Preorganized Hydrogen Bond Donor Catalysts: Acidities and Reactivities. J. Org. 
Chem. accepted. DOI: 10.1021/acs.joc.5b01475. Copyright ACS. Reproduced with permission. 
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entropic effects due to preorganization. Unfortunately, suitable examples probing 
structural rigidity differences between compounds with the same acidity are lacking.27,28 
 
Figure 1. Bis(3-trifluoromethyl-phenyl)thiourea (1) and dicyclohexylthiourea (2). 
In this work the acidities of a series of adamantane-like triols 3(0) – 3(3) (Fig. 2), where 
the parenthetical number indicates how many trifluoromethyl groups are present in the 
compound, were measured in DMSO. These results reveal that 3(3) has the same acidity 
as 4 and is 1000-fold less acidic than 5, but was found to be up to two orders of magnitude 
more effective as a catalyst than these flexible acyclic analogs. The effects of the CF3 
groups also revealed that highly distant dependent inductive effects can be transmitted over 
long distances via HBNs, and that gas-phase acidities appear to correlate with catalytic 
reaction rates in nonpolar media as well or better than DMSO pKa values. 
  
Figure 2. Adamantane-like triols 3(0) – 3(3) and triol 4 and diol 5. 
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6.2. Result and Discussion  
Inductive effects are commonly exploited in designing more efficient catalysts and host 
compounds in molecular recognition.12,17,29-31 Their impact, however, falls off rapidly with 
distance. For example, by substituting a trifluoromethyl group for an α-hydrogen in 
methanol the aqueous and DMSO acidities are enhanced by 3.1 and 5.5 pKa units, 
respectively, whereas CF3 incorporation at the γ-position of 1-propanol lowers the pKa 
values by only 0.7 (H2O) and 1.2 (DMSO).
32,33 In contrast, a long range inductive effect 
was recently proposed in the gas phase for triols 3(0) – 3(3) due to their HBNs.34 To assess 
this situation in condensed media, their pKa's were measured in DMSO. 
Equilibrium acidities of 3(0), 3(2), and 3(3) were determined as illustrated in eq. 1 by 
1H NMR spectroscopy (Table 1).35  
 
Table 1. Experimental and computed DMSO acidities.a 
Cmpd 
pKa 
exptl B3LYPb M06-2Xc 
3(0) 17.6 ± 0.4 18.3 18.0 
3(1) 13.5 ± 0.5 11.5 11.4 
3(2) 9.5 ± 0.3 9.1 8.6 
3(3) 7.3 ± 0.3 6.2 6.4 
4 7.1 ± 0.3 10.4 8.0 
5 4.8 ± 0.1 3.5 5.4 
(CF3)3COH 10.7 10.9 12.3 
avg. error  1.3 1.1 
aRelative acidities were computed and the experimental pKa of 1,1,1,3,3,3-hexafluoro-2-propanol (17.9, 
see ref. 44b) was used to obtain the indicated values. bB3LYP = B3LYP/6-311+G(d,p). cM06-2X = M06-
2X/maug-cc-pVT(+d)Z. 
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Preliminary colorimetric titrations were also carried out for triol 3(1) and these experiments 
indicate that it is more acidic than 9-(phenylthio)fluorene (pKa = 15.4) and less acidic than 
9-(phenylsulfonyl)fluorene (pKa = 11.5).
36,37 These bracketing results suggest that 13.0 < 
pKa(3(1)) < 14.0, and so pKa(3(1)) = 13.5 ± 0.5 was assigned. These measured acidities 
span a 10 pKa unit range from 7.3 to 17.6 which indicates that these triols are up to 10
3 and 
105-fold more acidic than perfluoro-tert-butanol (pKa = 10.7) and acetic acid (pKa = 12.6), 
respectively.33 Even the least acidic of these four compounds (i.e., 3(0)) is ~13 orders of 
magnitude more acidic than an ordinary aliphatic alcohol such as 2-propanol (pKa = 30.3) 
due to the HBN and inductive effect of the three oxygen atoms incorporated into the ring 
skeleton. It is also a stronger acid than 1,3,5-pentanetriol by 2.1 pKa units and similar in 
acidity to phenol (pKa = 18.0).
36 
Substitution of one of the equatorial hydrogens in 3(0) at a hydroxyl bearing carbon by 
a trifluoromethyl group increases the acidity of the resulting triol (i.e., 3(1)) by 4.1 pKa 
units. Subsequent additions of a second and third CF3 substituent result in additional pKa 
enhancements of 4.0 and 2.2. The effect of the first CF3 group is not surprising since it 
presumably is attached to the carbon bearing the hydroxyl substituent that is ionized upon 
deprotonation (i.e., the -carbon) and exerts a strong stabilizing inductive eﬀect. In 
contrast, the second CF3 group is separated from the formally charged site by three 
intervening carbons and is located at the  carbon, so only a small inductive stabilization 
of ~1.2 pKa units would be expected in the absence of the HBN.
33 The large and additive 
nature of the second trifluoromethyl substituent can be viewed as a long range inductive 
effect transmitted by the HBN. Equivalently, this effect can be ascribed to an enhanced 
hydrogen bond due to the presence of the added electron withdrawing group. The effect of 
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the remote substituent due to the HBN, consequently, is reminiscent of π-conjugation in 
that the consequence of an electron-withdrawing group is transmitted over a long distance. 
As for the third CF3 group, it is less effective than the other two as one would expect for 
an increasingly stabilized and delocalized anion. 
Computations of the DMSO acidities of 3(0) – 3(3) and related compounds were carried 
out using a polarized continuum model (Table 1). Both the B3LYP/6-311+G(d,p)38,39 and 
M06-2X/maug-cc-pVT(+d)Z40-43 results are in excellent accord with experiment in that the 
maximum errors are 3.3 (B3LYP) and 2.1 (M06-2X) pKa units and the average unsigned 
errors are 1.3 and 1.1 pKa units, respectively. If one uses perfluoro-tert-butanol instead of 
1,1,1,3,3,3-hexafluoro-2-propanol as the reference acid, than there is little change in the 
results and the average errors are 1.3 (B3LYP) and 1.6 (M06-2X) pKa units. For some 
reason when 2,2,2-trifluroethanol is employed as the reference compound, however, the 
average deviation from experiment increases to 4.1 pKa units for both computational 
methods. 
Triols 3(0) – 3(3) can serve as Brønsted acid and hydrogen bond catalysts. Their rigid 
structures should provide an entropic advantage over acyclic analogs and may enhance 
their catalytic abilities in an analogous manner to the preorganization of enzymes in 
biological systems. To assess this possibility, the Friedel-Crafts reaction between β-
nitrostyrene and N-methylindole was investigated (eq 2). Triol 4 and diol 5 were selected 
for comparison purposes because the former alcohol is as acidic as 3(3) and the latter is 
even stronger.29  
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In the presence of 3(3) the reaction was almost complete in 16 hours when carried out in 
toluene-d8 at room temperature, and the second order half-life is 2.8 hours (Table 2).  
Table 2. Kinetic results for the acid-catalyzed Friedel-Crafts reaction of N-methylindole 
and -nitrostyrene.  
entry cat. solvent t (h) conv.a t1/2 (h) 
1 no cat. C6D5CD3 360 no rxn  
2 3(3) C6D5CD3 16.3 96 2.8 
3 4 C6D5CD3 504 75 232 
4 5 C6D5CD3 96 95 21.8 
5 3(2) C6D5CD3/ 1% CD3CN 192 75 88.1 
6 3(3) C6D5CD3/ 1% CD3CN 49 94 10.3 
7 6 C6D5CD3/ 1% CD3CN 168 62 111 
aconv. = conversion (%) 
Both 4 and 5 are much less efficient catalysts and their transformations take place ~100 
and 10 times more slowly. No reaction was observed in the absence of a catalyst after 15 
days and consequently these results indicate that the DMSO acidities of these catalysts do 
not correlate with the reaction rates. In many respects this should not be surprising as 
DMSO is a very polar solvent with a high dielectric constant whereas toluene is nonpolar 
and has a small dielectric constant (i.e., 47.2 vs 2.4, respectively).44 Computed B3LYP/6-
311+G(d,p) and M06-2X/ maug-cc-pVT(+d)Z gas-phase acidities (Table 3), however, are 
in keeping with the observed reactivity order. This finding is consistent with our previous 
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report showing that the acidities of a series of substituted phenols in a non-polar solvent 
(CCl4) are better correlated with their gas-phase acidities than their DMSO pKa values.
45 
Solubility is an issue for 3(0) – 3(2) as these compounds have fewer trifluoromethyl 
groups than 3(3) and do not dissolve in toluene-d8. To explore these species, a small amount 
of acetonitrile-d3 (1% v/v) was added as a cosolvent. This enabled 3(2) and Schreiner's 
thiourea ((3,5-(CF3)2C6H3NH)2CS, 6)
15 to be examined, but since CD3CN is a hydrogen 
bond acceptor its presence was expected to slow down the reaction. 
Table 3. Computed B3LYP/6-311+G(d,p) and M06-2X/ maug-cc-pVT(+d)Z gas-phase 
acidities. 
cmpd G˚acid 
 B3LYP M06-2X 
3(0) 327.6 326.9 
3(1) 314.9 313.7 
3(2) 307.8 306.4 
3(3) 301.5 300.3 
4 309.6 310.8 
5 302.8 307.6 
 
 
This was observed for 3(3) in that the presence of CD3CN was found to retard the 
transformation by a factor of ~4 (entries 2 and 6, Table 2). Nevertheless, both 3(2) and 3(3) 
were found to be more effective catalysts than 6 despite the thiourea being more acidic than 
3(2) in DMSO (i.e., pKa = 8.5 (6) and 9.5 (3(2))).
30 
All four triols 3(0) – 3(3) catalyze the aminolysis of styrene oxide with aniline at 60 ˚C 
under solvent-free conditions (eq 3 and Table 4). Interestingly, the reactivity and selectivity 
orders follow the DMSO and not the gas-phase acidities. That is, the lower the pKa value 
of the catalyst, the faster the reaction and, in general, the greater the selectivity for the 
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addition product at the more hindered position (i.e., 7). This presumably is due to the polar 
nature of the reactants and the corresponding medium that results. 
 
 
Table 4. Acid-catalyzed aminolysis of styrene oxide with aniline. 
 
entry cat. time (h) conv.a krel pdt ratio (%) 
     7 8 
1 no cat. 3.5 4.0 1.0 35 65 
2 3(0) 3.5 11 3.0 54 46 
3 3(1) 3.5 58 33 75 25 
4 3(2) 3.5 90 220 84 16 
5 3(3) 1.0 96 580 91 9 
6 4 0.5 69 370 81 19 
7 5 0.25 68 710 88 12 
aconv. = conversion (%) 
Alcohols 3(0), 3(1) and binol were examined as catalysts for the room temperature 
Morita-Baylis-Hillman reaction between hydrocinnamaldehyde and cyclohexanone in the 
presence of two equivalents of tributylphosphine (eq 4).  
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Table 5. Acid-catalyzed Morita-Baylis-Hillman results. 
entry cat. t (h) conversion (%) 
1 no cat. 7 14 
2 3(0) 3.5 98 
3 3(1) 7 56 
4 binol 7 98 
 
 
This transformation was essentially complete within 3.5 hours when 3(0) was employed 
whereas only 14% conversion was observed in double the time without the triol (Table 5). 
More acidic catalysts such as 3(1) and binol, which is estimated to be ~3.9 pKa units more 
acidic than 3(0),46,47 were found to be less effective. This can be explained by deactivation 
of the catalysts by the presence of basic tributylphosphine. As a result, 3(2) and 3(3) were 
not examined in this transformation. 
6.3. Conclusion  
Acidity measurements of the pKa's of 3(0) – 3(3) were carried out in DMSO and reveal 
that a HBN is analogous to -electron delocalization in that both can transmit charge-
stabilizing effects over long distances. More specifically, incorporation of a CF3 group at 
a hydroxyl bearing carbon in 3(0) (i.e., the -carbon) enhances the acidity by 4.1 pKa units 
and the addition of a remote second CF3 substituent at one of the -carbons leads to the 
same increase in acidity (i.e., 4.0 pKa units). These rigid triols also serve as Brønsted acid 
and hydrogen bond catalysts in organic transformations. Their reactivity was compared to 
flexible analogs of similar or greater acidity, and in a nonpolar environment the entropic 
advantage of the locked-in triols was found to lead to rate differences as large as 100-fold. 
The relative reactivity order was also found to correlate with the catalysts gas-phase 
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acidities (G˚acid) and not their DMSO pKa values. This finding taken together with a 
previous report showing that the acidities of substituted phenols in CCl4 are better fit by 
G˚acid than their DMSO pKa's47 suggests that this is a general observation. In a polar 
medium the observed benefit of a rigid versus a flexible catalyst was greatly diminished, 
and DMSO pKa values are a better guide to reactivity than gas-phase acidities. 
6.4. Experimental  
6.4.1. General 
Compounds 3(0) – 3(3) and 4 were synthesized as previously described.29,30,48 
Molecular sieves (3 Å) were activated at 320 ˚C overnight and then used to dry solvents 
over the course of a few days. DMSO and DMSO-d6 were degassed by carrying out 3 
freeze-pump-thaw cycles and stored over freshly activated molecular sieves in a dry box 
under a nitrogen atmosphere for up to several days before use. NMR tubes, vials and flasks 
were oven dried and kept in a dry box along with needles, syringes and NMR caps. Pentane 
was dried over P2O5 at reflux for 1 hour and subsequently distilled. Dimsyl potassium (i.e., 
KCH2SOCH3) was prepared daily under argon by reacting DMSO for 45 min with a 30% 
suspension of potassium hydride in mineral oil that had been washed 3 times with dry 
pentane. A 500 MHz spectrometer was used at 295 K to record 1H NMR spectra. 
6.4.2. Acidity Determinations  
The acidities of triols 3(0), 3(2) and 3(3) were measured in dry DMSO at 23 ˚C by 1H 
NMR as previously described.32 Multiple measurements were performed for each 
compound using one of the following indicators: 1,2,2-triphenylethanone (pKa = 18.8), 9-
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carbomethoxy-fluorene (pKa = 10.3), or (9-ﬂuorenyl)triphenylphosphonium bromide (pKa 
= 6.6).33 Alcohol 3(1) was examined by carrying out colorimetric titrations with 9-
(phenylthio)fluorene (pKa = 15.4) and 9-(phenylsulfonyl)fluorene (pKa = 11.5) in both the 
forward and reverse directions.33 Since the conjugate bases of these two indicators give 
colored solutions, it was possible to determine the favored direction and the magnitude of 
the equilibrium constant in both instances (i.e., ≤ 1 or ≥ 1). DMSO acidity values for 
additional compounds are provided in the appendix for chapter 6. 
6.4.3. Friedel-Crafts Reactions 
In a capped NMR tube, 0.0075 g (0.050 mmol) of β-nitrostyrene and 10 mol% of the 
catalyst (0.0050 mmol) were dissolved in 0.58 mL of the solvent under argon. N-
Methylindole (19 μL, 0.020 g, 0.15 mmol) was syringed into the NMR tube at room 
temperature and the reaction progress was monitored using the 1H NMR signals at 8.04 
and 5.23 ppm for the limiting reactant and the Friedel-Crafts product, respectively. A 
second-order kinetic expression (i.e., ln([N-methylindole][β-nitrostyrene]o/[β-nitro-
styrene][N-meth-ylindole]o) = k([N-methylindole]o – [β-nitrostyrene]o)t) was used to fit the 
data and obtain both the rate constants and the first half-lifes for the disappearance of β-
nitrostyrene. 
6.4.4. Aminolysis of Styrene Oxide 
In a 0.5 dram vial, 23 μL (0.024 g, 0.20 mmol) of styrene oxide, 18 μL (0.018 g, 0.20 
mmol) of aniline and 5 mol% (0.010 mmol) of the catalyst were mixed together at 60 ˚C. 
Reaction progress was qualitatively monitored by TLC (20/80 EtOAc/hexanes) on 250 mm 
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60 F-254 silica gel plates. At select times aliquots were withdrawn and dissolved in 0.60 
mL of CDCl3, and their 
1H NMR spectra were obtained. 
6.4.5. Morita-Baylis-Hillman Transformations 
Cyclohexenone (48 μL, 0.048 g, 0.50 mmol), hydrocinnamaldehyde (33 μL, 0.034 g, 
0.25 mmol) and 10 mol% (0.025 mmol) of the catalyst were dissolved in 0.25 mL of THF-
d8 under argon in a capped NMR tube. Tributylphosphine (130 μL, 0.11 g, 0.52 mmol) was 
added via syringe at room temperature and the reaction progress was monitored as a 
function of time by monitoring the disappearance of the aldehyde signal at 9.72 ppm in the 
1H NMR spectra. 
6.4.6. Computations 
All of the calculations carried out in this work were performed at the Minnesota 
Supercomputer Institute for Advanced Computational Research using Gaussian 09.34 Full 
geometry optimizations and vibrational frequencies were carried out on triols 3(0) – 3(3) 
and their conjugate bases with the B3LYP density functional and the 6-31+G(d,p) basis 
set.35,36 The most stable conformers located were reoptimized with the larger 6-311+G(d,p) 
basis set as well as with the M06-2X functional and the aug-cc-pVDZ basis set.37-40 
Vibrational frequencies were recomputed with the latter method and in this case single-
point energies were subsequently carried out with the maug-cc-pVT(+d)Z basis set.41 
Conductor-like polarized continuum model (CPCM)42,43 B3LYP/6-311+G(d,p) and M06-
2X/aug-cc-pVDZ single point energies were also computed to obtain relative DMSO pKa 
values. These results were converted to absolute values by using 1,1,1,3,3,3-hexafluoro-2-
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propanol as a reference compound and employing its experimentally measured pKa of 
17.9.4 
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Table S1. Titration data for chloride binding to 1(0) in CD3CN. 
V (μL of Cl‾ added) [Cl‾] mMa [1(0)] mM δ (C ̶ H) in ppmb ∆δ (ppm) %boundc 
0.0 0.00 0.32d 4.2444 0.0000 0.0 
2.0 0.277 0.32 4.2601 0.0157 9.5 
4.0 0.552 0.32 4.2786 0.0342 20.8 
10 1.37 0.32 4.3079 0.0635 38.6 
20 2.69 0.32 4.3363 0.0919 55.9 
30 3.97 0.32 4.3568 0.1124 68.4 
50 6.41 0.32 4.3773 0.1329 80.8 
80 9.81 0.32 4.3851 0.1407 85.6 
130 14.8 0.32 4.3900 0.1456 88.6 
230 23.1 0.32 4.3939 0.1495 90.9 
350 30.7 0.32 4.3988 0.1544 93.9 
500 37.9 0.32 4.3988 0.1544 93.9 
aA 83.4 mM TBACl and 0.32 mM 1(0) stock solution was used. bNMR spectra were recorded with a 500 
MHz spectrometer and the chemical shifts are referenced to the residual solvent signal at 1.94 . cBound 
(%) = 100 × Δδ/Δδmax, where Δδmax = 0.1644 ppm. dThe initial volume was 600 μL. 
 
Figure S1. Non-linear 1:1 chloride binding isotherm for 1(0) in CD3CN. The square points 
are for the experimental results and the dashed line represents the non-linear fit of the data. 
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Table S2. Titration data for chloride binding to 1(1) in CD3CN. 
V (μL of Cl‾ added) [Cl‾] mMa [1(1)] mM δ (C ̶ H) in ppmb ∆δ (ppm) %boundc 
0.0 0.00 0.32d 4.4027 0.0000 0.0 
2.0 0.179 0.32 4.4730 0.0703 27.3 
4.0 0.357 0.32 4.5170 0.1143 44.4 
6.0 0.534 0.32 4.5307 0.1280 49.7 
10 0.884 0.32 4.5658 0.1631 63.3 
16 1.40 0.32 4.5942 0.1915 74.3 
24 2.07 0.32 4.6147 0.2120 82.3 
34 2.89 0.32 4.6284 0.2257 87.6 
50 4.14 0.32 4.6401 0.2374 92.1 
80 6.34 0.32 4.6489 0.2462 95.5 
130 9.58 0.32 4.6537 0.2510 97.4 
230 14.9 0.32 4.6557 0.2530 98.2 
330 19.0 0.32 4.6557 0.2530 98.2 
aA 53.1 mM TBACl and 0.32 mM 1(1) stock solution was used. bNMR spectra were recorded with a 500 
MHz spectrometer and the chemical shifts are referenced to the residual solvent signal at 1.94 . cBound 
(%) = 100 × Δδ/Δδmax, where Δδmax = 0.2577 ppm. dThe initial volume was 590 μL. 
 
Figure S2. Non-linear 1:1 chloride binding isotherm for 1(1) in CD3CN. The square points 
are for the experimental results and the dashed line represents the non-linear fit of the data. 
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Table S3. Titration data for chloride binding to 1(2) in CD3CN. 
V (μL of Cl‾ added) [Cl‾] mMa [1(2)] mM δ (C ̶ H) in ppmb ∆δ (ppm) %boundc 
0.0 0.00 0.29d 4.5971 0.0000 0.0 
2.0 0.016 0.29 4.6088 0.0117 3.0 
10 0.079 0.29 4.6625 0.0654 16.7 
16 0.12 0.29 4.7026 0.1055 27.0 
24 0.18 0.29 4.7583 0.1612 41.2 
34 0.26 0.29 4.8130 0.2159 55.2 
44 0.33 0.29 4.8481 0.2510 64.2 
56 0.41 0.29 4.8775 0.2804 71.7 
70 0.50 0.29 4.9029 0.3058 78.2 
90 0.63 0.29 4.9214 0.3243 82.9 
140 0.90 0.29 4.9439 0.3468 88.7 
240 1.36 0.29 4.9576 0.3605 92.2 
440 2.01 0.29 4.9683 0.3712 94.9 
aA 4.65 mM TBACl and 0.29 mM 1(2) stock solution was used. bNMR spectra were recorded with a 500 
MHz spectrometer and the chemical shifts are referenced to the residual solvent signal at 1.94 . cBound 
(%) = 100 × Δδ/Δδmax, where Δδmax = 0.3911 ppm. dThe initial volume was 580 μL. 
 
Figure S3. Non-linear 1:1 chloride binding isotherm for 1(2) in CD3CN. The square points 
are for the experimental results and the dashed line represents the non-linear fit of the data. 
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Table S4. Titration data for chloride binding to 1(3) in CD3CN. 
V (μL of Cl‾ added) [Cl‾] mMa [1(3)] mM δ (C ̶ H) in ppmb ∆δ (ppm) %boundc 
0 0.00 0.43d 4.7280 0.0000 0.0 
2.0 0.015 0.43 4.7309 0.0029 2.1 
6.0 0.044 0.43 4.7397 0.0117 8.3 
10 0.072 0.43 4.7475 0.0195 13.8 
20 0.142 0.43 4.7700 0.0420 29.8 
30 0.209 0.43 4.7905 0.0625 44.4 
40 0.274 0.43 4.8100 0.0820 58.2 
50 0.337 0.43 4.8286 0.1006 71.4 
60 0.399 0.43 4.8462 0.1182 83.9 
80 0.516 0.43 4.8608 0.1328 94.3 
100 0.626 0.43 4.8648 0.1368 97.2 
140 0.828 0.43 4.8687 0.1407 99.9 
aA 4.32 mM TBACl and 0.43 mM 1(3) stock solution was used. bNMR spectra were recorded with a 500 
MHz spectrometer and the chemical shifts are referenced to the residual solvent signal at 1.94 . cBound 
(%) = 100 × Δδ/Δδmax, where Δδmax = 0.1408 ppm. dThe initial volume was 590 μL. 
 
Figure S4. Non-linear 1:1 chloride binding isotherm for 1(3) in CD3CN. The square points 
are for the experimental results and the dashed line represents the non-linear fit of the data. 
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Figure S5. Experimental (solid lines) and B3LYP/6-31+G(d,p) computed (dashed lines) 
IR spectra of 1(3) (bottom) and 1(3) • Cl‾ (top). 
 
Figure S6. Experimental IR spectrum of 1(1) • Cl‾ (solid line) and the B3LYP/6-31+G(d,p) 
prediction (dotted line) for conformer b as illustrated in Fig. 1 of the manuscript. 
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Figure S7. Experimental (solid line) and B3LYP/6 31+G(d,p) computed (dashed lines) IR 
spectra of the low frequency C–H stretching region of 1(1) • Cl– conformers recorded in 
30% CD3CN/70% CCl4 with Ph4PCl. 
 
Figure S8. Experimental (solid line) and B3LYP/6-31+G(d,p) computed (dashed line) IR 
spectra of the low frequency C–H stretching region of 1(1) • Cl‾ in 30% CD3CN/70% CCl4 
with Ph4PCl. The calculated conformer is for b as illustrated in Fig. 1 of the manuscript. 
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Figure S9. Experimental (solid lines) and B3LYP/6-31+G(d,p) computed (dashed lines) 
IR spectra of 1Bn(2) (bottom) and 1Bn(2) • Cl‾ (top). 
Table S5. Experimental and computed IR frequencies. 
cmpd (X) frequencies (cm–1) cmpd X•Cl– frequencies (cm–1) 
 Expt calc1  expt calc1 
     a b c d 
1(1) 3436 3492 1(1) • Cl‾ 3509 3515 3388 3495 3266 
 3029 3024  3224 3115 3189 3300 2990 
 2970 2945  3026 2993 3040 2446 2949 
 2930 2915  2970 2960 2992 2997 2892 
 2856   2933 2900 2953 2951  
    2882 2828 2843 2900  
    2853  2825   
         
1(3) 3443 3492 1(3) • Cl‾ 3443 3480    
 3315 3467  3095 2972    
     1 HB 2 HB   
1Bn(1) 3565 3534 1Bn(1) • Cl‾ 3425 3315 3140   
 3475 3434  3010 2865    
         
1Bn(2) 3568 3478 1Bn(2) • Cl‾ 3430 3320 3140   
 3500 3422  2860 2553    
1Italized frequencies correspond to O–H stretches and bold values are for the equatorial 
C–H stretching modes. 
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1H and 13C NMR spectra of 1Me(1), 1Bn(1) and 1Me(1) 
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For XYZ coordinates and electronic energies see: 
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Figure S1. Experimental IR spectrum of 5(1) • Cl‾ (solid line) and the B3LYP/6-31+G(d,p) 
prediction (dotted line) for the less stable conformer with 2 primary hydrogen bonds to 
chloride ion. 
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Figure S2. Experimental IR spectrum of 5(2) • Cl‾ (solid line) and the B3LYP/6-31+G(d,p) 
computed (dotted line) for the less stable conformer with 1 primary and 1 secondary 
hydrogen bonds to chloride ion.  
 Table S1. Titration data for chloride binding to 5(1) in CD3CN. 
V (μL of Cl‾ added) [Cl‾] mMa [5(1)] mM δ (C ̶ H) in ppmb ∆δ (ppm) %boundc 
0 0.00 0.45d 4.3587 0.0000 0.0 
1.00 0.13 0.45 4.3705 0.0118 7.2 
3.00 0.38 0.45 4.3959 0.0372 22.8 
6.00 0.77 0.45 4.4125 0.0538 32.9 
10.0 1.28 0.45 4.4349 0.0762 46.6 
15.0 1.92 0.45 4.4535 0.0948 58.0 
22.0 2.82 0.45 4.4691 0.1104 67.5 
32.0 4.10 0.45 4.4828 0.1241 75.9 
50.0 6.41 0.45 4.4945 0.1358 83.1 
90.0 11.5 0.45 4.5053 0.1466 89.7 
170 21.8 0.45 4.5101 0.1514 92.6 
aA 75.62 mM TBACl and 0.45 mM 5(1) stock solution was used. bNMR spectra were recorded with a 
Varian VI–500 spectrometer and the chemical shifts are referenced to the residual solvent signal at 1.94 . 
cBound (%) = 100 × Δδ/Δδmax, where Δδmax = 0.1635 ppm. dThe initial volume was 590 μL. 
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Figure S3. Non-linear 1:1 chloride binding isotherm for 5(1) in CD3CN, where the dashed 
line represents the fit to the experimental data (i.e., the squares). 
Table S2. Titration data for chloride binding to 5(2) in CD3CN. 
V (μL of Cl‾ added) [Cl‾] mMa [5(2)] mM δ (C ̶ H) in ppmb ∆δ (ppm) %boundc 
0 0.00 0.47d 4.5990 0.0000 0.0 
2.00 0.027 0.47 4.6166 0.0176 4.5 
6.00 0.082 0.47 4.6616 0.0626 16.2 
12.0 0.16 0.47 4.7212 0.1222 31.5 
22.0 0.30 0.47 4.8130 0.2140 55.2 
32.0 0.43 0.47 4.8745 0.2755 71.1 
42.0 0.57 0.47 4.9136 0.3146 81.2 
54.0 0.73 0.47 4.9409 0.3419 88.3 
66.0 0.90 0.47 4.9536 0.3546 91.5 
80.0 1.09 0.47 4.9634 0.3644 94.1 
100 1.36 0.47 4.9712 0.3722 96.1 
aA 8.01 mM TBACl and 0.47 mM 5(2) stock solution was used. bNMR spectra were recorded with a Varian 
VI–500 spectrometer and the chemical shifts are referenced to the residual solvent signal at 1.94 . cBound 
(%) = 100 × Δδ/Δδmax, where Δδmax = 0.3873 ppm. dThe initial volume was 590 μL. 
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Figure S4. Non-linear 1:1 chloride binding isotherm for 5(2) in CD3CN, where the dashed 
line represents the fit to the experimental data (i.e., the squares). 
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Appendix for Chapter 5 
For XYZ coordinates and electronic energies see: 
http://pubs.acs.org/doi/abs/10.1021/jacs.5b01805 
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Table S1. Kinetic data for p-substituted phenols 1–2 and two pyridinium salts (3 and its 
corresponding iodide). 
time (h) conversion (%) 
[p-nitrophenol] = 8.3 mM, [-nitrostyrene]o = 83 mM, [N-methylindole]o = 250 mM, solvent = CDCl3 
12.1 0.72 
24.0 1.44 
60.1 3.84 
96.1 6.38 
[p-nitrophenol] = 8.3 mM, [-nitrostyrene]o = 29 mM, [N-methylindole]o = 85 mM, solvent = CDCl3 
96.2 1.46 
191.1 3.93 
264.1 5.22 
409.2 8.94 
[p-nitrophenol] = 8.3 mM, [-nitrostyrene]o = 235 mM, [N-methylindole]o = 706 mM, solvent = CDCl3 
9.2 1.03 
16.2 1.84 
24.2 2.74 
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36.2 4.11 
48.2 5.68 
96.3 11.1 
[p-nitrophenol] = 8.3 mM, [-nitrostyrene]o = 29 mM, [N-methylindole]o = 85 mM, solvent = C6D5CD3 
343.0 0.93 
[1] = 8.3 mM, [-nitrostyrene]o = 83 mM, [N-methylindole]o = 250 mM, solvent = CDCl3 
168.2 1.46 
241.2 1.89 
368.3 4.92 
[2] = 8.3 mM, [-nitrostyrene]o = 83 mM, [N-methylindole]o = 250 mM, solvent = CDCl3 
3.23 3.85 
24.1 27.5 
32.1 37.9 
40.1 45.9 
48.1 52.4 
72.1 65.8 
96.1 75.7 
132.1 85.7 
[2] = 8.3 mM, [-nitrostyrene]o = 29 mM, [N-methylindole]o = 85 mM, solvent = CDCl3 
24.1 17.7 
54.3 37.9 
96.1 59.0 
171.6 79.9 
[2] = 8.3 mM, [-nitrostyrene]o = 235 mM, [N-methylindole]o = 706 mM, solvent = CDCl3 
9.1 15.3 
16.1 25.4 
24.1 35.4 
36.0 47.2 
48.1 58.0 
96.1 80.5 
[2] = 8.3 mM, [-nitrostyrene]o = 29 mM, [N-methylindole]o = 85 mM, solvent = C6D5CD3 
24.3 10.5 
72.0 29.4 
120.4 40.9 
159.0 57.3 
343.0 75.7 
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[3-hydroxy-N-octylpyridinium iodide] = 8.3 mM, [-nitrostyrene]o = 83 mM, [N-methylindole]o = 250 
mM, solvent = CDCl3 
48.0 4.3 
[3] = 8.3 mM, [-nitrostyrene]o = 83 mM, [N-methylindole]o = 250 mM, solvent = CDCl3 
0.5 16.5 
1.0 32.3 
1.6 45.1 
2.5 63.4 
4.1 79.6 
[3] = 8.3 mM, [-nitrostyrene]o = 29 mM, [N-methylindole]o = 85 mM, solvent = CDCl3 
0.9 24.0 
1.1 30.1 
3.4 64.0 
4.1 70.5 
5.1 78.0 
6.7 85.4 
8.1 90.2 
  
 
Complete citation to reference 18 and 32: 
(18) Arunan, E.; Desiraju, G. R.; Klein, R. A.; Sadlej, J.; Scheiner, S.; Alkorta, I.; Clary, 
D. C.; Crabtree, R. H.; Dannenberg, J. J.; Hobza, P.; Kjaergaard, H. G.; Legon, A. C.; 
Mennucci, B.; Nesbitt, D. J. Pure Appl. Chem. 2011, 83, 1637-1641. 
 
(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, 
H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; 
Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, 
M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, Jr., J. A.; 
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; 
Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. 
C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; 
Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; 
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; 
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; 
Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; 
Fox, D. J. Gaussian 09, Gaussian, Inc., Wallingford, CT, 2009. 
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Appendix for Chapter 6 
For XYZ coordinates and electronic energies see: 
http://pubs.acs.org/doi/full/10.1021/acs.joc.5b01475 
Table S1. Kinetic data for 3(2), 3(3), 4, 5, and Schreiner’s thiourea (6).    
 
 
 
time (h)  conversion (%) 
[X] = [3(3)] = 8.3 mM in C6D5CD3 
0.5 9.2 
1.1 21.6 
2.6 44.8 
6.1 78.7 
16.3 96.2 
[X] = [3(3)] = 8.3 mM in C6D5CD3 / 1%CD3CN 
3.1 12.5 
7.1 30.9 
13.1 50.8 
19.1 64.5 
25.1 74.6 
49.1 93.5 
[X] = [3(2)] = 8.3 mM in C6D5CD3 / 1%CD3CN 
5.1 2.6 
23.8 17.0 
48.1 24.3 
72.1 37.6 
126.1 58.5 
192.1 74.6 
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[X] = [4] = 8.3 mM in C6D5CD3  
6.1 1.9 
24.1 7.6 
72.1 20.2 
168.1 39.5 
240 49.8 
504 75.2 
[X] = [5] = 8.3 mM in C6D5CD3 
3.3 8.8 
6.1 19.6 
21.1 47.8 
29.4 58.1 
48.1 75.8 
72.1 90.9 
96.1 95.2 
[X] = [6] = 8.3 mM in C6D5CD3 / 1%CD3CN 
12.1 4.9 
24.1 8.2 
48.1 22.3 
96.1 41.7 
168.1 62.1 
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Table S2. Water and DMSO acidities of aliphatic alcohols.44,49 
cmpd pKa (water) pKa (DMSO) 
MeOH 15.5 29.0 
EtOH 15.9 29.8 
PrOH 16.1 29.0a,30.1b 
i-PrOH 17.1 30.3 
t-BuOH 19.2 32.2 
CF3CH2OH 12.4 23.5 
(CF3)2CHOH 9.3 17.9 
(CF3)3COH 5.1 10.7 
CF3CH2CH2OH 14.6c 26.6a 
CF3(CH2)2CH2OH 15.4c 27.8a 
aEstimated using the linear least squares line in Fig. S1. bThe average of the values for EtOH and i-PrOH. 
cOuellette, R. J., Rawn J. D. Organic Chemistry: Structure, Mechanism, and Synthesis, Elsevier: San 
Diego, 2014. 
 
Figure S1. Linear relationship between water and DMSO acidities of aliphatic alcohols. 
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Table S3. Water and DMSO acidities of aromatic alcohols.44,49 
cmpd pKa (water) pKa (DMSO) 
2,4,6-(NO2)3C6H2OH 0.4 0.0 
2,4-(NO2)2C6H3OH 4.1 5.1 
4-HOC6N4NO2 7.1 10.8 
4-HOC6N4CN 8.0 13.2 
3-HOC6N4NO2 8.4 14.4 
3-HOC6N4CN 8.6 14.8 
3-HOC6N4CF3 8.7 15.6 
1,2-C6H4(OH)2 9.5 15.7a 
2-naphthol 9.6 17.1 
phenol 10.0 18.0 
p-Me 10.3 18.9 
binol 8.3 14.2b,13.2c 
aBordwell 1/9/80 unpublished pKa table; a computed value of 14.6 has been reported, see: Zhu, X.-Q.; 
Wang, C.-H.; Liang, H. J. Org. Chem. 2010, 75, 7240-7257. bEstimated using the linear least squares line 
in Fig. S2. cPredicted value from ref. 52. 
 
Figure S2. Linear relationship between water and DMSO acidities of phenol derivatives. 
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Complete citation to reference 49: 
  
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. 
R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; 
Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, 
M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; 
Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, Jr., J. A.; Peralta, J. E.; Ogliaro, F.; 
Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; 
Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, 
M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; 
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; 
Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. 
A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. 
B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09, Gaussian, Inc., Wallingford, CT, 
2009. 
 
 
